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PREFACE 
This thesis is concerned with the influence of nucleating agents 
on the crystallisation of P. E. T. and their subsequent effect on the 
morphological and mechanical properties of this polymer. The first 
chapter provides a general introduction, including experimental 
techniques and a review of previous work. This is followed by a 
description of the various techniques which have been used and a third 
chapter deals with the experimental procedure and results. These 
results are next discussed and a general summary and conclusions are 
drawn. 
The results presented in this thesis are original, additional 
information in the text having been obtained from various literary 
sou. r. ces, references to these being listed at the end of the thesis. 
4 
4 
0. 
ACKNOWLEDGMENTS. 
The author wishes to express his gratitude and thanks to 
Dr. R. P. Sheldon, Senior Lecturer in the School of Polymer Science, for 
his interest and encouragement in the supervision of this work. "Thanks 
are also due to Professor I. Goodman for his part in securing the use of 
equipment at I. C. I. Runcorn. 
In addition, he is very grateful to the following persons for making 
available the indicated facilities: - 
Mr. P. R. Blakey, Mr. P. Hyde and Mr. B. Micklethwaite (University of 
Bradford) for assistance with both X-ray diffraction and Transmission 
Electron Microscopy. 
Mr. D. J. Grimshaw kUniversity of Bradford) for the Scanning Electron 
Micrographs. 
Dr. A. F. Johnson, Dr. D. A. Mortimer and Dr. M. Hughes (University of 
Bradford) for their assistance in the production of the computer 
programs and their application. 
Dr. A. Wronski (University of Bradford) for assistance in the 
mechanical testing of the polymer. 
Mrs. K. M. Mottram for typing this thesis. 
4 
SYNOPSIS 
The effect of various inorganic and organic additives as possible 
nucleating agents on the cnysta. llisatinn behaviour of P. E. T. and the 
suosequent influence on the morphological and mechanical properties 
has been examined. Various methods of mi-"in(: the polymer and 
additive were investigated and a. mcthoC involving the screw-Extrusion 
of the polymer and ndr3itive tra^ ultimately dc' tod.. Crystallisation 
studies were carried out ustnL,. d iff,, rent ir0 scannin: ' calorimetry under 
dynamic and isotherr:; al modes. The results prol-qcr-r' iinrtr. conditions 
of isothermal crysta. lli. sation were analy^ed by means of a computer. 
Despite differences between batches of polymer all the additives 
with the exception of indigo produced u nucleating effect in the polymer 
as indicated by an increase in the rate of c, ürst- ll. i, ation conpared 
with that of the base polymer. 'i\io or. ,. Lna-meta?. l. ic substances 
(sodium benzoate and sodium ýtearatn) proved to be the most effective 
in this respect by decreasing the de[ree of supercooling of the polymer 
by 200. 
Morphological studies were carried out on isothermally crystallised 
samples, after etching and replication usin' a trancrnission electron 
microscope. A nodular structure whose dimensions were sensitive to 
both the nucleatinj- agent and the temperature of crystallisation was 
observed. 
Mechanical testing of samples direct from the D. S. C. was carried 
out using a compression method. The breakin* loads were found to 
vary with both the type of nucleating agent used and the 
crystallisation temperature chosen. A separate study involving the 
exanination of the resulting? fracture surfaces by scanning electron 
microscopy revealed that a, high breaking load was associated with a 
fine discontinuous structure whereas lower ureaking loads were 
F' 
characterised by a more continuous linear appearance. This implies 
a higher energy of fracture du. e to the increased surface area of 
the fracture surface of the former. 
i 
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1- 
INTRODUCTION 
This thesis is concerned with the nucleation of crystallisation 
in polyethylene terephthalate (PET) by the addition of various 
particulate solids, and its influence on the thermal, morphological 
and mechanical properties of this polymer. 
1.1" The Nature of Crystallinity. 
The prime characteristic of the ideal crystalline state is an 
ordered arrangement of the constituent atoms of a material into a 
repetitive three-dimensional pattern. In addition to the many 
materials where the atomic arrays-approximate closely to the ideal 
crystalline state, there are some such as polymers which may exhibit 
a partly crystalline nature. 
The crystalline state is most simply described in thermodynamic 
tens as follows: - 
A group of molecules are in their most stable state when their 
Gibbs free energy G is at a minimum. In the equation below, from 
the second law of thermodynamics. 
G=U+PY - TS 
if we assume pressure (P) and volume (V) to be constant, G becomes 
solely dependent on U the internal energy and S the entropy. If 
intermoleculer forces in the material are weak, S becomes the 
dominant term and G tends to a minimum. In physical terms this means 
that if S is maximised, the molecules tend to the completely random 
state as in a liquid or gas. Alternatively strong intermolecular 
forces make U the dominant term, and an ordered arrangement of the 
molecules ensues characteristic of the crystalline state. Thus, 
the molecular structure öf a material can be characterised by therm- 
odynamic considerations of the ' rg properties of internal ene änd 
entropy of that material. 
Ký 
2 
If we now consider the variation of potential energy with the 
distance of separation of two molecules we find a curve of the form 
described iT Pig. 1.1. It can be seen that a minimum occurs at ro, 
indicating the fact that it is energetically more favourable for 
molecules to be at a fixed distance apart. Physically, a geometric 
arrangement characteristic of the crystalline state is obtained. 
In turn, the symmetry of the crystal, the basic building block of 
a crystalline material is dependent on the geometry and ratio of the 
forces between the molecules. Consequently more than one position 
of minimum potential energy may occur between two molecules. 
Crystals are consequently perfectly ordered in their molecular 
arrangement apart from inherent imperfections. For example, atomic 
vibrations are structural imperfections since they cause atoms to 
be displaced from the equilibrium lattice positions assumed for the 
perfect crystal. 
The above applies to crystalline materials in general and the 
more specific case of polymers will now be considered. 
1.1.2. Crystallinity in Polymers. 
Simple substances such as sodium chloride are completely 
crystalline below and non-crystalline above their melting points. 
That is, two different physical states cannot exist together above 
or below a certain temperature. Mary crystalline polymers however 
exhibit properties which are probably best explained by a co-existing 
2- phase structure consisting of crystii. tine and amorphous (non- 
crystalline) regions. 
The crystalline and amorphous states are not the only examples of* 
r 
order which may be present'in a polymeric ^fstem. In fact a range 
of intermediate states between the two are believed to exist. 
. 
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Isotactic po]yr, ror, ylene, for example, F)-hibitr e high 6. eý,, ree of order 
alon- the molecular chair. bii. t lit! 1cý or ro ord, nr L-te'rally. 
ý 
or. 
some substances roch . :o ir'l cc. "'rrnan(l- or r17^1ýrtýr; 
7. enter..,, 
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tnv tur . 
many polyrEý rs th Stnlct')r^1 or! coiira,. -e t'- 
formation of that ti-c, il portant 
in predictin; the a °r: ný'F sit r_: f , ool, "i r rmolecule`; in t. 'ie ýo1irl state. 
Fine 11y, I! abi_J hoc;. iso i1« ,ý¶ ; el? ^i-. teen inter, efiL. t<. = orr? err, 
between the cla. ssic4.1 amorphous tüte -d Vie , IerfFct 3-D cryctwl. 
It is clef . r. 
that the nature of roh er structure Lc more complex 
than the sir: p1e 2-phase concert. Therefore, a review of the v-rious 
models for cryrta. l. littc structure in poiym rs wig, be made in the 
followin- sections in order to clarify the cubject. 
1.1.3. The Concept of the FrinF, -cc? :, icc13 c T.: oie1 . 
for. Caystý. 1itne 
Polymers. 
The supränolccular structure of polymers shown by X-ray di'-fraction 
patterns to be semi-crystalline w-, s first described .y means of the 
fringed micelle model6 which is shown diar, rarna. i. ically in Fig. 1.2. 
i 
The model constitutes a two-phase system consisting of relatively 
perfect crystals, several hundred nanometres long, embedded in an 
amorphous matrix. Since the molecules are much longer than the 
crystals, a single molecule can in principle pass alternately, through 
both crystalline and amorphous regions. 
5 
/" 
4.0 
-/-l 
/U 
r 
Pi-. 1.2. ', iot n^arý; rý. ttc rýnrý. ant : t, nn of t, ýc: r'riný; d I, ice1Ic 
model of v pol"mcr ýrJ t , l. l tscrl from r, 1t. 
NO N Vº )11111 C 
I ýý 
ý 1111 f1 ýU [Xý 
1ocnrrnr3jai, 1. C11 of the '''rti, pd I: ]cede 
model under m0>y. 6 
6 
r 
Interest in the fringed micelle model developed because it could 
be used to account for a number of the properties of semi-crystalline 
polymers. For example, toughness and strength could. be explained 
by the ability of crystallites to act as cross-links or tie points 
for the amorphous regions. The model has also provided the basis 
for a simple mechanism for the crystalline nature, which is known 
from X-rays to occur during drawing or stretching. The resulting 
increase in strength and modulus in the stretch direction was 
consistent with an oriented system of polymer chains held together 
by crystalline tie points as shown in rig. 1.3. The existence of 
discrete low-angle X-ray diffraction maxima corresponding to an order 
of 100 - 200 A° , led Hess and Kiessig 
7 
to propose, that individual 
molecules in oriented samples entered and left crystallites with. -, 
fair regularity and not at random. This modified system has been 
called the "knob and tube" model, where the tubes represent the 
crystals and the knobs the intervening amorphous regions. 
The fringed micelle model was not seriously questionecY until the 
recognition in the mid - 1940s that most crystalline polymers can be 
crystallized into an array of closely packed polyhedra called 
spherulites. 
1.1.4 Spherulitic Structure in Crystalline Polymers. 
The spherulite is a structure large enough to be seen with an 
optical microscope employing crossed polaroidp. It's appearance 
is illustrated in Fig. 1.4. and it was the product of the first 
systematic study of crystallinity in polymers undertaken by Bunn and 
Alcock, 8 primarily on polyethylene in 1945. 
The growth of the spherulite was believed to be initiated by 
the aggregation of polymer molecules to form a nucleus, which 
constituted the centre of the structure. It was suggested that 
7 
t 
Ftp. 1. ý. ý7ý'lf"^1! 1 itc : 't lic1,11rf' F; (=Fn, through a rol . r1. Fi rc; 
B 
e 
initially needle-like lamellae were formed which extended in the 
direction of its major axis branching, rebranching and twisting at 
small angles to the radius. Thus the lamellae fan-out as shown in 
Fig 1.5. to form first a sheaf-like and then the typical spherical 
structure with the polymer chains folding perpendicular to its 
radius. 
10,11 
Growth of spherulites is believed to occur by the 
diffusion of crystallisable material to the growing crystal and the 
expulsion of impurities. The latter may be branched polymer molecules 
and low molecular weight materials which fill the spaces between the 
small fibre-like growths (fibrils), and may also move out ahead of the 
growing crystal surface. Individual spherulites continue to grow 
until they impinge on one another, and the actual size to which they 
grow has an important influence on some physical properties. This 
size is detected by the relative rates of nucleation and spherulitic 
growth, the radial rate of growth being constant under isothermal 
conditions. 
12,13,14" 
Not all spherulites have a spherical habit and can in fact adopt 
different shapes according to the nucleation conditions. For example, 
if the nucleation initiates on a surface the growth is restricted 
laterally and thus the spherulites grow perpendicular to the surface. 
This forms columnar structures and constitutes a phenomenom known as 
transcrystallisation. Alternatively, a row of growing nuclei 
will impinge on each other to produce disc-shaped spherulites. Thus 
the spherulite became the recognised structure for the crystallisation 
process, and its basic structure remained unquestioned until 1957, when 
the folded-chain polymer crystal was discovered for polymers 
crystallising from solution. 
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1.1.5 The Folded - chain Moael for Polymer Crystallisation. 
Several investigators, Keller15, Till 
16 
9 Fisher 
17 
and 
Jaccodine18 independently isolated single crystals of polyethylene 
by slow crystallisation from dilute solution. These crystals, 
examined under the electron microscope, were found to be in the form 
of thin platelets of lamellae with a thickness of about 100 angstroms. 
19 
Electron diffraction showed that the polymer chain was perpendicular 
to the plane of these lamellae. Since the lamellar thickness was 
only a fraction of the molecular length, it was considered that the 
polymer chain must fold back and forth on itself within the crystal 
as shown in Fig. 1.6. 
A number of theories have been postulated to account for why chain- 
folding occurs. Work by Lindenmeyer 
° has shown that the folded- 
chain crystal represents the best energy compromise for which a 
mechanism of crystal formation is normally available. For instance, 
the fringed crystal is less stable because the free energy 
contribution of the crystal fringe is greater than that of the 
crystallographic folds. The folded chain crystal is still however 
metastable. The most stable crystal20 being one of large lateral 
size in which all the chains are extended and of the same molecular 
weight with the end-groups lying in two surface planes. The 
extended-chain is more stable than the thinner folded-chain crystal 
because of its lower surface area and consequent larger surface energy. 
However, except where the molecular weight is very low, no mechanism 
exists under normal circumstances for the growth of an extended chain 
crystal and thus the folded-chain is the normal mode. 
Some workers21' 22, have postulated a different mechanism in which 
the chain segments re-enter in a random manner similar to that of a 
switchboard and not in adjacent positions. (see Fig. 1.7. ) The 
H 
44 
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w 
evidence however, for regular chain-folding does seem to be 
conclusive for many specific instances. 
1.1.6. Other Models postulated for the Crystallisation. of Polymers. 
In addition to single crystals, nultilayer structures termed 
hedrites, which are apparently related to spherulites, have been 
obtained with several polymers by the slow crystallisation of thin 
molten films. Hedrites consist of several lamellar layers stacked 
to give a final thickness which may exceed I)J. Geil 
23-25 
proved 
the existence of hedrites in polyoxymethylene and Keith26 has provided 
evidence for the growth of single crystals of isotactic polystyrene 
from the melt. This evidence thus demonstrates that lamellar growth 
similar to that found in true solution-grown single crystals can take 
place from the melt. Lauicelies21 , after finding existence of slip 
and link bands (sets of plenes for which shear occurs easily and bands 
produced by the combination of edge dislocations respectively), in nylon 
6.6 and 6.10 formulated a model for pol;, rmer crystal structure in which 
the polymer was basically crystalline with inherent defects such as 
vacancies and interstitial atoms Makin; up the so-called amorrhous 
regions. This nod±el is a revs --s l of the fringed - micelle model in 
that the crystalline material comprises the continuous matrix in which 
amorDhous material is emberl. c? ecl. hach ctys. tall_ine area is sep rated 
from its neiZh'bour. 'by --rain bouncl-tries. T'nc imperfections accordin&y 
behave as though -in: orrhouc, to physical measurement rnethocan Mlch as d cn; ý: itg. 
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from X-ray diffraction (see section 1.4.3) studies takes into account 
the imperfections in the lattice. Unfortunately due to insufficient 
evidence it is not known whether the diffuse scattering is due to small 
crystallites or lattice distortions and so the theory is limited. 
None of the theories proposed can be used to fully explain the 
properties of crystalline polymers. One can reasonably assume a 
fringed-micelle structure for low crystallinity polymers and a 
paracrystalline model for highly crystalline polymers since these 
models best explain their respective properties. 
1.1.7. The Structural Requirements for the Crystallisation of Polymers. 
For a polymer to crystallise it should ideally have regularity of 
both chemical and geometrical structure. 
29 
It is believed however 
that absolute regularity is not essential since certain copolymers 
and homopolymers of geometrically irregular structure do crystallise. 
Polymers produced by polycondensation reactions frequently have 
adequate chemical regularity particularly when straight chain 
intermediates are used, by virtue of the nature of the stepwise 
reaction of polycondensation. Thus polyesters from ethylene glycol 
and terephthalic acid (terylene), and polyamides from hexamethylene 
diamine and adipic acid (nylon 6'6), both give fairly high degrees 
of crystallinity. Ordinary atactic vinyl polymers have a virtually 
random, arrangement of their side-groups. When those side-groups 
are bulky as in polystyrene, polyvinyl 'acetate and polymethylmeth- 
acrylate, this irregularity prevents the chains taking up a straight 
or helical conformation unle, s special stereo specific catalysts are 
used. These polymers are accordingly non-crystalline. In 
polyvinyl alcohol 
30 
the side groups are less bulky and although 
sterically irregular they can fit into a slightly distorted 
polyethylene lattice to produce a crystalline polymer. 
14 
rg 
Another factor affecting crystallisation is when the closest 
molecular packing, in the crystal gives rise to a less dense 
arrangement of the molecules than in the elmorphous. state. 
31 If this 
is the case they. crystallisation will not occur31 unless hydrogen or 
other energetically favourable bonds can form to a greater extent in 
the amorphous state31 as in, for example, water. When there is a 
possibility of a high degree or orgnnication of hydrogen bonds, 
Grysta. ls may be formed whose density is considerauly less than that of 
the amorphous phase. 
Reluctance to costallise may-be associated with a mall interval 
between the glass transition (Ta) am rneltin temperatures. (31 
This interval appears to be influenced by the general shape of the 
molecules32. If the molecul^r chain is stiff or the side-Mroupp bulky, 
even a polymer having; high structural re, (: ulartty will not . cryste. 
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Dixon and Jacknon30 showea that for 1 olycthy'lenee tere7hthta1,1. te both 
yield stress and no u1113 für rýý°. eý ritte trcr: ' ýin, ý crystallinity while 
the impact stren-th ciecrea: 7 c. The cff ect of crystallinity on yield 
stress and modulus is ci own in f1 ;n ro ' 1.10 anc3 1.11 re'>pectiv-iy. 
The effect of spherulite size has been studied. by various workers. 
For example, the tensile properties of nylon 6.639 and th6 impact 
strength of polycxymethylene40 are both improved by 9ecreaslnc the 
spherulite size. The frictional properties of polyamides are also 
improved by a high degree of crystallinity and a fine homogeneous 
spherulitic structure. 
41 
(2) Optical Properties. 
Crystalline polymers are normally translucent or opaque. Jac of 
a 
clarity is caused by inhomogeneities which scatter light either from 
the polymer surface42 or internally from voids and inclusions etc. 
43 
Most optically clear polymers are amorphous but crystallinity does 
not automatically cause lack of optical clarity unless it produces 
nonhomogeneities in density or refractive index. 
Inhomogeneitie4 in po1ynere greater in size than single spherulites 
scatter light at small an, °les whereas those of the same order of 
size as single crystallites cause light scattering at larger angles. 
The former produces a lack of see-through whereas the latter gives 
pronounced haziness when viewing through a sheet of polymer. If 
bulky side groups are attached to the main polymer chain there is 
an increase in polymer clarity because the presence of these groups 
reduces the difference between the indices of refraction parallel 
and perpendicular to the axis of the molecule. 
(3) Permeability of Crystalline Polymers. 
Crystallinity lowers the permeability of polymers to gases. In 
fact the crystalline re, ioT1s of po%.. -T. e, '.. a1"? n^t impE-r-, eable to 
Ig 
f 
small molecules and they therefore reduce both the solubility and 
diffusivity of small molecules. For low partial pressures the 
solubility of gases and vapours in partially crystalline polymers can 
be assumed to be completely dependent on the dissolution of gas into 
the crystalline material. 
449 45. 
The ease of diffusion of gases in partly crystalline polymers is 
governed by the size of the crystalline regions, which act as 
obstacles to the diffusion path. When the barrier crystals are 
elongated and orientated, molecules diffusing perpendicular to the 
direction of orientation have longer diffusion paths than molecules 
diffusing in a parallel direction. Experiments on the diffusion of 
ethane in highly crystalline polyethylene47 indicate that, in this 
polymer, diffusion occurs primarily at the boundaries of the 
crystallites i. e. in amorphous fringes at fold surfaces.. 
(4) Chemical Reactivity. 
The relative amounts of crystalline and amorphous material has an 
important influence on the chemical reactivity of a polymer. 
Staudinger48, Nickerson49 and Davidson50 separately discovered this 
in studies on cellulose. Under mild, non- ravelling, acidic conditions 
a weight loss consisting of two stages takes place. The first stage 
corresponds to the breakdown of amorphous regions while the latter 
to the slower attack of the crystalline regions. The de, -ree of 
polymerisation also decreases rapidly during the preliminary stage, 
when random attack on the inter-crystalline rer^ions is occuring, 
whereas limited degradation takes place in the latter stage because 
of slower attack on the isolated crystalline areas. 
It was not until recently that Palmer51 et al discovered that 
fuming nitric acid at elevated temperatures had a similarly selective 
effect on polyethylene. Keller52 has subsequently used this reagent 
as an etchant to study morphology. The attack is centred on the 
amorphous regions between the lamelrar crystallites in melt 
20 
crystallised samples, so that the inter-fold distance is an important 
parameter in determining reactivity. Where the inter-fold distance 
is relatively large, the rate of reaction is less, since the 
proportion of amorphous material is correspondingly reduced. From 
these selected properties it can be appreciated that the level of 
crystallinity in a polymer is very important. Consequently the control 
of the level and the methods of crystallisation are critical to the 
polymer technologist. The next section therefore describes the various 
ways in which polymer crystal structure can be controlled. 
1.2. The Control of the Crystal Structure of Polymers. 
From previous sections it can be seen that polymer chain micro- 
structure is very importart with respect to file deE7ree of 
crystallisation, the crystal unit cell and the crystallisation rate. 
Alternatively, polymerisation conditions have an important influence 
on crystalline microstructure. While recognising thiEr, only 
physical methods of modifIrtnr; the crystallisation process will be 
discussed in this : -ection. Three different Methods of crystaallisine; 
polymers will be described., i. e. thermal, strain-induced and liquid 
induced. 
1.2.11. Thermal C. ry. ^tal] 
llhere the nimber of hetero«rneou^ nuclei (foreign to the 
cryntaliicin, mo. tFrial) i^ o71.11 or hetero;; ercc»s nuclei of low 
effectivene-s are pr¬rent an it reared nucleation rate iU obtained 
at the expense of the cr,, rt". 1 ; ro,, t? h rite at 1 r. w *emper! ". t'. ure , I. e. 
2. n incre'i. se in the r'1M o rý,,, n ncr. ýF ni; of t''1! 
prOCCf3s. The r "il, i; '". t it neä F , '"(. in 1of ''or 
r 
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nucleation will mive faller sphcrulite , since sphervlitic size 
depends upon the ratio of the nucleation to £"rowth rate. The 
temperature for maximum growth rate is usually hi{; hcr than that for 
maximum nucleation rate ^n_l is shown schein ticrýll in Fig. 1.12. 
Homogeneous nunlei are created within the crystallising material 
itself. In simple terms high crystal]. ication temperatures. favour 
large spherulites and ]. ow temperatures small spherulites. 
Generally two processes are used to control spherulite size throuGh 
crystallisation temperature. The first of these is by quenching ana 
then rapidly cooling the formed but still molten polymer to produce 
many nuclei but little crystal growth. This is frequently followed 
by annealing, which involves raising the Polymer temperature 
sufficiently so that the crystal growth can occur. 
UnfortunR. toly, quenching; is restricted byy heat transfer. limitations 
to shapes of relatively thin cross-sections such ac films, thin sheets 
and. fibres, since undesirable stresse' can often fore in objects of 
larger dimensions. Thus this form of crystallination is. limited-' 
relative to strain-induced crystallisation described in the next 
section. 
1.2.2. Strain-induced. Crystallisation. 
Polyisobutylene is a rather unusual pol; rr since it does not 
crystallise by anne. 7in; Herr row teraperr. ture, but rhows a relatively 
high degree of crystallinity, as indicated tjy '9i. ffraction 
measurements, upon stretrhtri, -,. 
The reason for thin is Amply becauro the cha? n3 in the stretched 
form are more ordered than in the un^trAcAl and are consequently 
arranged in a similar mariner to those in a crr tüllinc region. In 
fact Flory53 ha-- dcveloy: ed a theOi"T : vzi. cki r, ý, lu. +c^ : -: o1ttn. pccint and 
extend on ratio. TrSloaLr 54 l ^C F; ''1nWOd t1lat c' Y"y`? t n lt ati on occurred 
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alrea'ý; r, orrhou^ o?; r^. rr" structures which e-ciot in the 
Crystallinity produced by s. trPtr", inL_ has cl^o boon found in nylon. 
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The crystallinity of an already cr; *-trilline polymer. can also be 
increased by stretchin and this ,: roce^c is very important in the 
textile industries as a, means of increacin the stren&t1l, for example 
of monofilanent y, a. rns. 
1.2.3. Liquid induced Cryst, ý. 11i^ Li ion. 
Another method of influencing crystallisation is by the use of 
liquids. The mechanism of liquid-inOuced crystallisation is as yet 
not fully establiched, but it appears that the liquid, which must at 
least swell the polymer, ants by increaning the mobility of the 
polymer chains. This permits both nucleation and crystal growth to 
occur in the polymer. 
24 
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The phenomenon of liquid-induced crystallisation has been reported 
for a number of polymers, including cellulose triacetate63 
polycarbonate64 and Stereore=-ilsr polymethyl methacrylate. 
65 
The 
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1.3.1. The Theory of Nucleation and Growth of Crystallisation in 
Polymers. 
In this section nucleation will be discussed initially in terms 
which should be valid for any phase change and then specifically 
for polymers. A more complete treatment can be found in reviews 
by Dunning73 Waltonl4 and Price. 
75 
The general process o± 
nucleation has been recognised and investigated since the 18th Century. 
However, it was Ostwald who introduced order into the rather random 
information on the topic. He was the first to put forward the 
concepts of supersaturation and the metastable state. He applied 
Gibbs ideas on the thermodynamic 'btability to the field, as well as 
recognising the importance of hetero , er_cit1 s 
in promoting nucleation. 
Nucleation theories have developed along two main lines; a kinetic 
and a statistical mechanical approach. 
76 
The kinetic approach has 
been applied to polymer crystallisation, and consequently' this alone 
has been discussed for reasons of space. The phrase "nucleation and 
growth" is used to describe discontinuous changes of phase which are 
large in degree but at least initially small in their extent in space. 
When one phase transforms in this manner to another which is more 
stable, the atoms in some region of the first phase must become 
arranged in a configuration characteristic of the second. In this 
process a surface is formed which separates atoms in the new 
configuration from those in the old. Such a surface can, however, 
be formed at the cost of energy and constitutes a barrier to the ' 
change of phase. The size of this barrier is proportional to the 
number of atoms in the more stable confizuration and predominates at 
larger embryo sizes. The balance of these two influences results in 
a critical size and a critical motivating potential for nucleation. 
26 
1.3.2. The Thermodynamics of Homogeneous Nucleation. 
The first step in the development of the kinetic theory of 
nucleation was made in 1926 by Volmer and Weber. 
77 
They suggested 
that the r! eta^tabi. lity of a su E", ^, atiir vied phase is a question of 
kinetics and that the frequency of formation of critical nuclei by 
spontaneous fluctuations in the parent phase was related to the 
free energy of formation of the critical nuclei. They treated it as 
a series of reversible bimoleculer reactions and this treatment is 
given below. More complex treatments allow for the loss of embryos 
by formation of critical nuclei. 
"8' 79,80,81. 
In a minute element of volume of the supersaturated parent phase 
the density and energy fluctuate rapidly with time, although the 
element comprises a portion of a phase which is in a state of complete 
thermodynamic equilibrium. 
It is postulated that one gets stepwise bimolecular addition to or 
dissociation from embryos i. e. unstable aa, ý--lomer-ates below the 
critical nucleus size. T%! is can be represented. 
o. -}- c, -C, r-ý, oc 2 
O24 °[ °Z 3 
oci +D 
r+here there is a critical embryo gize (the critical nucleus) above 
which agglomerate Growth occu °i7 aýover. ýtb1y , i. e. s. 
C4 # 
Other mechanises of embryo formation &rel expecteO to be con sidera. nly 
less probable than the scnrr-nn of l)irno1r'c, i1ar proceGses surr,; TP°ted 
here. 
If ideal nixin,; of molec-ulcs and cmlbryo 1" ^F: 1)t7ic- 4i1d 3xz nkm'. czr of 
6 'oses rnaller than the rem i inin;; n-u-. ber of rrlrl c-culý ', , the equilibrium. 
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concentration of embryos of size R ray be written` 
NR= ex. p ý- OGRý kT) `- 
(I) 
and the concentration of crtti. cp, l riiclei 
N e' ' (4G'ß/kT) - (2) 
where NR, N* nn9 N ", rc res^ectiveJy, the nur^. b, r of embryo: of size R, 
critical nuclei and unisýocir, ter -'olecu? eG p.; r irnit volume, and 
ßG and ßG* the free en. r-; ies of forn: "J ion of an eur. bryo of size R 
and a CY7tic ]. nucleus 7'ý cpcct1. Velzr. Fro these two equctions 
PnO, by substitution r)f off, ', ihrs PTr, rn rriv "t; °1r",, l 
if1 E'(? ^X1ýrt? c i nT: 
for the nucle-. tion rn p T)t; r ul)nit 
1. _ .. C. exp (- AG" 
/k-r) 
- ý3ý 
In this very Ur"si. c ema^tion rcpre" 
aýVCZ"'ý. tern,, 'r(1 Cn. ýý '-r,, r ý,, , orlt C),; i C]--81 
it 
C? n hC f', -. n rý' t -, w 11; "j", % to 
unac,, nciatc: r-olec, i1 ;.. to t-La to 
otlicr fnctor_ 
The t üove , . 
iý nw c'ä ic n^ 
1ori. 'F'T c? ý)pi1C. ^.. Ü1., +'''. : l" nl, y,. t}l: ` ia? lý? Y-t 
is w-; l d for 5d. 71 v": ý_r., c ,,, 1i. II. , r. r: e t'-, Jr a' . i-. ih_ 
'", me 'ý -i`: 1ýE 7: tU. ' C ý. ^ri 1] cr1.3 tho n'v 1(u . 
(L. r. cooling `, v"', ", 
'? 1i_th to ("""I'ýr^?. ý. 
_ý 
1. ': i.. ß , }' . f. ±, y. r ý'ii'1; ic . 'le 
to 
the initial L 
sometimes t rare ^, (C771ýI "I rri! C 1. ý: ' 1. i : n. I ": ýC c ü, f 
it thou Sa 
charecteristic of nucl. r ti-r Contro'lc" rrocr-,, ýi, r, i. e. ^ l, -rt; r- 
negative terpera+uzre co¬f ^tcic'+ of ttiie czý-ý. t l rev, th ratr'. 
There are no irr. nJ. ira "jDý' ý. to nncleizs E. cýmF; tx^; i. nvol-v d ti the 
above ex. pre; ^ston ; nr to develc+pý: rýcý -f rrzt ant . 
`. '»rttiýc-r. both t'ýi^ pm! 
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.y 
for nucl us 'ormati on will be considered in the critical free enerf7 
the next section. 
1.3.3. The Kinetics of Nucleation. 
The simplest treatment as far as geometry is concerned for 
a nucleation site is represented by a rectan; u1='r cry tal75 although 
two other common models exist. These are a spherical cap85 on a 
flat surface ? nd a cylinder86 on a similar surface. If we consider 
a rectangular cry ta. l with one f2ce in contact with the nucleating 
agent surface and the other faces in contact with the melt from which 
it was formed, we can arrive at ar expression for the critical Gibbs 
free energy for nucleus formation AG" 
QG* _ 66cm"sce"mCap+Gma"a-6ma: m) 
(4 
AG V2 
Where ö na. m is the interfacial energy between the nucleating 
surface and the melt, o cem the interfacial energy between two parallel 
crystal faces perpeniicular to the nucleating agent surface and 6 c. m. 
the interfacial energy between the other crystal faces and the melt. 
LSGv is the bulk free energy of fusion at the temperature concerned. 
If we substitute 6G" in expression (3) and use the approximation, 
6Gv Hv"dT (5 Tm 
which is reasonable when the crystallisation temperature approaches 
the equilibrium melting temperature Tm, (414vis the bulk heat of 
fusion of the polymer crystc. ls and AT the difference between the 
equilibrium melting temperature and the crystallisation temperature) 
Then, 
tE, sc. m. 6eý m (6am+ 6na c- 6na m) Tn } --6 T- -exp[ 
- 
kT/ T1 AHv1 
Therefore for a substance to behave as a nueleatinT agent the 
interfacial energy between it and the crystal nucleus 6na"c. must 
be smaller than that between the melt and, the crystal nucleus st-m. 
The smaller 6nca"c the better the nucleating agent, and the less degree 
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of supercooling at which nucleation will occur. In physical terms 
this means that some form of compatability must be present between 
the nucleating agent and the crystallising material. If on the other 
hand 6na c. approaches 6cn. the expression tends to the conditions 
for homogeneous nucleation87 when, 
(7) 
I 
. f). tupf 
'32OS2crl "6 ce"trý " -rrn2' 
.1 kTc NA Hv'' 
i. e. this material is just as likely to crystallise from the melt as 
on the surface of an additive. 
Experimental support for the expressions developed above for 
heterogeneous nucleation is indirect. As shown by expression (7) 
for simple nucleus geometry, the form of the relation for both 
homogeneous and heterogeneous nucleation is the same, the expressions 
differing only in the interfacial energy term and a constant. Thus 
it is perhaps reasonable, in the absence of other evidence, to accept 
that results supporting the homogeneous nucleation rate expression 
at least qualitatively support the heterogeneous nucleation rate 
expression. An additional complication is that there is little 
evidence relating to polymers, although data supporting a relation of 
the form, 
r SL Q, [- kTm' ] (8) TAT' 
for the crystallisation of metals86,88,89 and low molecular weight 
organic. compounds 
90-92 is reported. Data from one of the cases92 for 
low molecular weight . 3-alkanes 
is of some relevance, as they can be 
considered as very low molecular weight polyolefines. In this work92 
Turnbull and Connia plotted log I versus-LT. ATz, for n-heptadecane 
dispersions and got a straight line relationship supporting their' 
theory. 4 
The crystalline morphology in a given instance must obviously depend 
on the conditions prevailing during crystallisation. Here kinetic- 
:ý. 30 
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factors rather than thermodynamic equilibrium considerations are of 
prime importance and this next section deals with this side of the 
crystallisation process. 
1"3.4" Crystallisation Kinetics and Mechanism. 
The kinetics of phase changes in the melting and crystallisation 
of materials in general were first analysed by Avram193 and later by 
Evans. 94 In the specific case of polymers, Morgan95 and Flory and 
Mandelkerrý6 suggested that these theories in principle are applicable 
to crystallising polymer systems. The theory is based upon the 
concept of growth of both heterogeneous and homogeneous nuclei and the 
general equation describing it is the one produced by Avrami below: - 
= exppktn) 
where © is the fraction remaining at time t, k contains nucleation 
and growth constants and n is called the Avrami exponent which takes a 
value representative of the mode of growth. In the case of polymers 
equation (1) is modified, as these materials do not crystallise 
completely. The modified equation is as follows: - 
e=x exp(-kt") 
(2 
In the case of low molecular weight substances the crystallisation is 
complete so that x=1 , the maximum possible crystallinity, and this 
reduces to equation (1). 
A number of systems have been investigated and the earlier work 
of Morgan et a197 and Flory et al96' 
98 
showed that crystallising 
polymers do exhibit the characteristic feature required by the Avrami 
equation93. They found that the results of experiments agreed 
reasonably well with the theory. However, later work by Gent"' 
on the crystallisation of rubber has shown that the difference between 
two plots with n equal to 4 and 3 respectively, is not substantial. 
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'Therefore considerable care is necessary in identifying the value, of 
n with a particular mode of crystallisation. The consequence of 
different 'n' values is illustratea in Table 3.1. 
Table 3.1. 
Growth Homogeneous 
Nucleation 
Hetero eneous 
Nucleation. 
3-D 4 34n44 
2-D 3 Un43 
1-D 2 15n<2 
Values of the Avrami exponent, n, for various types of nucleation and 
growth. 
Hoffman and co-workers100,101, showed that the value of tt in the 
, case of polychlorotrifluoroethyLene 
depends upon the temperature at 
which original melting was carried out. Similar results have been 
carried out in the case of P. E. T. 
95 
and this subject will be discussed 
later in Chapter 4. There is ample evidence 102-10b that the value 
of nis not integral as required by the Avrami theory. Studies on 
fractions of polyethylene107, Polydecamethylene terephthalate106 and 
polymethylenelo7 reflect a few examples which give a fractional value 
for n. Shärples and Banks108 have cleririy shown that one should be 
very careful about the interpretation of the mechanism of nucleation 
and growth deduced from the value of n. To deter. mine the mechanism, 
" rý 
additional information should be obtained e. g-. by optical micx'oscopy. 
Unfortunately, this is not possible in all cases as in many polymers 
resolvable spherulites Pre not proriuiced. Moreover., the optical 
microscope can only be used in the initial °ta, cles, although this 
technique gives more reliabble information about the mechani n of 
nucleation and growth than those obtatnea by the dilatometric method. 
The rate constant, K, is very sensitive to the temperature as is 
shown by Price et al for polyethylene oxide 
1091-110, 
in which 
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it changes from 10'7 to 10q just fore 50C change in crystallis, "tion 
temperature. Similar results in which the rate constant varies 
have been obtained with po1y? -)ropyl e111 nl polybutadiene. 
112 it 
seems quite clear : ^rom the . bove that crfetý-,. 
lliE-tion in polymers is 
I 
a very complex process and ono presort theonj is adequate to 
accommodate every step occurin; Burin; crystallisation. 
In some polymers it has been found that the bulk crystallisation 
process does not ter. ninate in -1: lie way as predicted by the -, vr . mi 
equation. They appear to contin ie to crystallise after primary 
crystallisation is over and this phcnomerno_i is known as Secondary 
crystallisation which overlap2 the prime=ry process. ' This is quite 
important since it may affect the ageing of plastic materials in use 
and will consequently be described in the next section. 
1.3.5. Secondary Crystallisation. 
This, phenomenon, which is observed. in polymers is more pronounced 
in some th= in others. For example, in P. E. T. 
95 
it is very slow t but 
in polyethylene hexamethylene adipate113, it is pronounced and relatively 
fast. To differentiate between primary and seconcaary crystallisation 
plots of log(-lor 6,1 verous loh; t show a deviation from linearity 
at the commencement of secondery crystalli, -iýti on (See Fig. 1,, 13) 
Yatsuoka114 found th^. t second,. rj cr«stsllisotion could be detected in 
polyethylene if crir tall. is^. t,;. en i- c<nrrieý out under high pressure. 
Kovacs 
115 has shown fo-^ seco: nc: ýc.? y crnr týllisstion in polyethylene 
that the density change with time is lcc arithnic in form. A 
considerable amount of effort has been devoted to devising a 
mechanism for this, At present it semis most probable that the 
secondary crystallisation occurs with ephorulitos as either a result 
of additional crystallisation or of ircre_-. "ses in p ; "r1ection within 
existing intra-spherul"itic crystals. The latter viewpoint has been 
recently developed by several investigators. 
116,117,118 
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It must be made cleer rt this point that concentration so far has been 
primarily on polymer crystallisation for reason^ of space, though the 
principles are very mich the swimr for other materi?. ls. It is for 
similar reasons that the next section is devoted solely to the 
techniques of followin; the crystallisation process and its influence 
on certain physical properties used in this particular study. 
1"4. Techniques used in this study. 
The scheme for crystallinity in polymers and the theories of the 
nucleation and. growth mechanisms in the crystallisation process have 
been elucidated in the past sections. It is therefore the purpose of 
this section to describe the basic theory behind some of the techniques 
used in Chapter 2, to follow crystallisation and its effects on the 
physical properties of P. E. T. - 
1.4.1. Differential Scanning Calorimetry. 
The examination of the rate and temperature at which materials 
undergo physical andehemical transitions as they are heated and cooled, 
and the energy changes involved, has been the subject of investigations 
for almost a century. 
Conventional differential thermal analysis instr ments119 subject a 
sample and an inert reference material to a controlled heating program 
and measure the differential temperature between sample and reference 
material. The appearance of an increase or decrease in the 'sample 
temperature with respect to the reference temperature is attributable 
to the energy-emitting (exothermic) or energy-absorbing (endothermic) 
transitions occurring in the sample. However, the desirability of 
direct calorimetric data has been recognised by advanced workers, 
such as Sykes120 in D. T. A. for many years. Such a system which offers 
the direct calorimetric measurement of the energies of transition is 
the Differential Scanning Calorimeter (D. S. C. ) 
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This instrument differs from the conventional thermal analysers in ý' 
one fundamental respect. Instead of measuring a temperature difference 
between the reference and sample channels, the DSC measures the 
differential energy required to keep both the sample and reference 
channels at the same terperature throughout the analysis. When an 
endothermic transition occurs, the energy absorbed by the sample is 
replenished by increased energy input to the sample to maintain the 
temperature balance. Because this energy input is precisely 
equivalent in magnitude to the energy absorbed in the transition, a 
recording of this balancing energy yields a direct calorimetric 
measurement of the energy of transition. 
Fig. 1.14 shows a schematic representation of the D. S. C, system. 
This may be easily understood if we divide the system into two separate 
control loops, one for average temperature control, the second for 
differential temperature control. In the average temperature loop, 
a programmer provides an electrical output signal which is proportional 
to the desired temperature of the sample and reference holders. The 
programmer temperature information is also relayed to the chart recorder 
and appears as the abscissa scale marking. The programmer signal, 
which reaches the average temperature amplifier, is compared with 
signals received from platinum resistance thermometers permanently 
embedded in the sample holder and reference holder via an average 
temperature computer. 
If the temperature called for by the programmer is greater than 
the average temperature of the sample and reference holders, more power 
will be fed to the heaters, which like the thermometers, are embedded 
in the holders. If the average temperature demanded by the 
programmer is lower than the average of the two holders, the power to the 
heaters will be decreased. In the differential temperature control 
. ".. R. ý«ý"ý,.,.. ý". »ýý.. ýý.. 9m..;.. ß.,, 
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loop, the major distinction tu tl-rrcý, r the D. S. C. -1 ant +rm. clttional B. T. as. 
devices is most mar'kcd. re-prp =E="tine; tl1!: s'ir i le nn(I 
referFncc temper turc. ;r e"., sur, c 
I "; y Ui' Tl., till-. r are 
fe1 to the differenti-, '1 via ; o-i. arat,, r ^ircuit 
which ; detFrrnlne-, p. hci-1-r 1h rr ý..., -r thl;. e'. lr cLrnal ttr'm er: 3, tureý 
is greater. The lt' 'c-rend 1 temper; - ,., rr ', i^. -1 if it-r Olla 
-^I 
it 1 then 
adjust the differential nocr(, r incr'ýrcnt, fp! w tc, the reference anr? 
s^xiple heaters in the 'irecti^n anrl ,a ni_týla. e nece-q,,. 7,, to correct any 
temperature difference hetwer-n th m. signal proportional to the 
differential power is also transmitted to the pen of the galvanometer 
recorder. The direction of excel-: -power input (srrnple or refp. r(, nce 
heater) dictates the r overent of the Den. 
The technique has been arrlied to a výniet. ýT of identification, 
characterisation and qualitative situations but in this work it is used 
in a quantitave analysis of polymer crystallisation behaviour. 
1" 4.2 " Mechanical Strenrrth Llea urernents. 
The influence of structure on the mechanical propertieb of polymers 
has already been briefly mentioned in section 1.1.9. Since direct 
tensile testing of crystallised samples proved impractical in terms of 
both specimen preparation and the volume of materisl required, an 
alternative method wa. s adopted. This involved a compression technique, 
previously described by Bortz and Lund121 and Persson122 of hollow 
cylindrical specimens across their diameters. Such a geometry of 
specimen when tested in the compressive mode is subject to forces of 
tension as opposed to compression. 
The maximum tensile stres^, normal to the area of compression is. 
produced on the inner surface of the ring tangentially to the 
surface123. The maximum stress developed is given by the expression. 
6= kp (1) 
lTrot 
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Where K is a function of the ratio of inner to outer radius, P is the 
load, t the thickness of the ring and ro the inner radius. For 
equation (1) to hold however, the samples must fracture -across the 
diameter parallel to the direction of compression. Fracture'in other 
modes being much more complex in terms of analysis. It has been 
suggested by previous workers124 that this method of mechanical 
testing produces less deviation of results than standard tensile or 
bend tests and also that it is less sensitive to crack dimensions than 
other similar georietries tester'. in a like manner. 
1-4-3- Microscopy (Transmission and Scanning electron . 
The high resolution of the electron microscope fpcilitates its 
= application beyond the range of the optical micro-scope. The 
theoretical resolution of the onticp. l microscope is about 2000, 
T 
but even this may be difficult to achieve in prcct. ice, anct so the use 
of an optical microscope is limited to the study of structural entities 
having similar dimensions or Unfortunately the fine structure 
of P. I;. T. is practici. lly impossible to resolve, pariicularly after bein 
heterogeneously n1ýci eats ?.. On the othc r haa. nri, tic theoretical 
resolution of the convertinnn. 1 electron ricro^core is nüout 
04A 
at a ma., nificrat. Lo>n of x250,000 and s. o it i. u2cN1 for ±r, r . "tudy of 
finer structures. rLIlir o`' f': ' is tll" t t. ý r_ clec rcns 
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ygn. 9 j.: 4 
- r, : '. 'r : -. on worc  
replica must still be thin end there is also the dan; "er of loss of 
s trietnre during; the 
1 
'"er'Y'd, "', 
i_'1r. '1;! =c 'j iyuc ` for i ol1'inerc 
are Cen, wrall ii, ';. te) to relw±iv:. y flat of ' 
difficulties in Vvi -' _"-iV 
4h: '"C; "Mc: '... f. ''''^. '" th zy c1: ': x. 's mr_facc'. and 
therefore fracture sodass & arc CE! ral-1;, - 111: r'.:. ct _. o1. 
The NCwn1if; _ Pi'C ? 'nl1 1 1C? '^, "'C'V E' }` 3C 'VG 1 e3 OV^Z' t1;, ^ 
conventions 1 E?. Ccl ro '' jcroSCOpe ins) i, t'. ^ut thc-r "re no 
restrictions on ., ýnle th c",. -n< . -^ or c <tr, r, t-", c 
tEn'cncir of 
degradation by the electron b' rir, r^duc(, j , and mor,; over, 
the cL. inple 
preparatior is ver, ýr ^thrle. 
I' he basic principle of the in. c. trinnent that a very f i. ne bean of 
electrons is focussed on to the Lp ci en" This bcam ccane the 
specimen surface in a roster (a pattern of line, sin, tiar to that 
makint; up a television oýcture) and t'1e reflected electrons are collected 
at a 450 angle to the eTeci'cn curfý,. ce. The resultant current is 
amplified. and clisplayed. on ac rýthode-ra; T tube. The tube-has a rioter 
in phase with that of the pr!. ra1 r bca. Tr , and an image is built up on a 
short-persistence phosphor : screen. 
1-4-4- X-ray Diffraction. 
This ws probably the first method used. to determine the structure 
of crystalline materials in general, and in this sense it is the 
classical method. Its, application to materials goes back to 1912 
124 
when Laue made the discovery that X-rays were diffracted by crystals 
to produce a sharp interference pattern on a photoCrr. phic plate. The 
immediate result of this discovexy was the foundation of X-ray 
crystallography. 
The use of X-rays in this particular work was morely to distin'uish 
i 
between the amorphous and crystalline polymers. The former produced a 
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diffuse halo whereas the latter provided a set of diffraction rings 
characteristic of a crystalline polymer. In the normal way this 
technique is used in a more quantitative manner in order to ascertain 
the level of crystallinity of a crystallised polymer. It is 
important to note that the percentage crystallinity of a polymer is 
completely dependent on the technique of measurement and consequently 
this must be stated in order to give the value any significance. 
1-4-5. Density Measurements. 
This is the most simple and convenient method to estimate degree of 
order in a polymer. The relation between density and degree of order 
is simple and rests upon the basic assumption that the polymer exists 
in two phases and the properties are additive. 
Turning to the actual method itself, there are different ways 
available to measure the density of a polymer. The most convenient is 
by the use of a density gradient column125. An appropriate gradient 
is produced in a cylindrical vessel by a mixture of liquids which are 
inert to the polymer under investigation and which have densities' 
either side of that of the polymer. The sample is dropped from the 
top and sinks to the level of its own density. This is useful for a 
large number of density determinations, but for a small number, a 
a titration technique is used. This includes the titration of a more 
dense liquid with a lighter miscible liquid to a point when the sample 
is at the point of sinking. The density of the titrated mixture is 
determined by a pyknometer which gives the density of the polymer 
sample. Unfortunately neither of these techniques proved to be 
sufficiently accurate in this work since the method of preparation on 
the D. S. C. 1B produced inherent cavities in the samples. 
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Now that the techniques have been reviewed, attention will be 
reverted to the major topic of this thesis, the nature of the 
nucleating agent in polymer crystallisation. The following section 
deals with this subject initially for materials in general and-then 
more specifically for polymeric materials. 
1" 5" The Nature of the Nucleating Agent. 
Having discussed the various theories of crystallisation and the 
kinetics and thermodynamics of nucleation, it now remains to examine 
the actual physical nature of the nucleating agent, beginning with a 
definition. A "nucleatin, m agent" is a material which, when present 
in a molten polymer during crystallisation will induce heterogeneous 
nucleation, raise the polymers crystallisation temperature and may 
influence polymer properties such as spherulite size and physical 
properties. In a technical sense the term is used to describe a 
material which can be added at a low concentration to a molten polymer, 
to significantly raise the crystallisation temperature by inducing 
heterogeneous nucleation. A measure of the effectiveness of a 
nucleating agent is the degree of supercooling necessRry for a 
significant rate of polymer crystallisation. The smaller the degree 
of supercooling; required, the more effective is the nucleating agent. 
It is important however, not to assune that the added nucleating 
agent provides the heterop, eneous nucleating substrate. Rybnikar12 
6 
suggests from a study of the efficiency of nix different nucleating 
agents with eight lifferent commercial grades of polypropylene, that 
the nucleating agents prob"'biy act sccon(?, ýýrily, v tLvatin- heteroLc*en- 
eities already prevent (ponri. b7. y pol y ^ert tion cat-l1y^t resic? iies1` 
7. ) 
Evidence provided by Bins ercen128 whi("h1 , u. rp*, orts this view, will be 
mentioned later. 
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There are two be -ic cor. ccrnin,.., tor nc-`, ur of the 
nucleatin3 gent and itc iri' ? cn': c' on Vo cr,, r:; talltsr L . on procec^. 
One 
is in relating the nature c the our-lace, to its n»c1eatinrf action, the 
other is in dote ninin; what the sur tce actually is. 
The action of +he nuc? ea in,; surface in pronotin- nucleation can 
be assumed to be relate°1 to -t interaction betweer the n cle? ting 
surface and the nucleus. This can be influenced by a, variety of factors 
such as shape of the surface, the quality of the match between the 
crystal lattices of the nucleatin: surface and the. nucleus, the binding 
free energy across the interface,,, and surface faults and dislocations 
in the nucleating surface. 
1.5.1. A Theoretical treatment . frr the mech? xzir n. of action of 
Nucle^ting Agents. 
The influence of various nucleating agent geometries on 
crystallisation has been discussed by rletcher126. Turnbull and 
Vonnegut 
1however, have developed a treatment which takes account of the 
influence of lattice mismatch in terns of dislocations aVtd strain. 
Fig 1.15 shows a model of a coherent interface between a 
nucleating agent surface and a cryotallising phase of different 
lattice spacing. The distortion of the crystallising, phase is overcome 
by elastic deformation and the formation of periodic dislocations in the 
one dimension of the interface shown. Thus one lattice will tend to be 
expanded and the other compres! -, ed, although the compression will usually 
be negligible due to repulsive forces. The same workers127 produced 
an equation for4Tc for the nucleating agent, that is the minimum degree 
of supercooling at which the crystallisation just becomes apparent. 
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where 6cm = interfacial energy between melt and nucleus. 
AS = increase in energy of the interface, where is a constant 
ß. = constant 
Ce2. = strain energy per unit volume of strained phase, where C *is an 
elastic constant. 
For small mismatch, S, 'lýzrnbull and Vonnerut predict that the disreristry 
is accoimiodated by strmmin in the cxystallicing rhase, nucleus formation 
is coherent with the nucleating surface and the dominant term in the 
above expression is the strain term. For large S they predict that 
the disreeistry is accoamodate(ý by dislocations with negligible strain, 
nucleus formation is incoher; nt, and the term involving AS is dominant. 
They consider a lattice mismatch of 15 - 20,. to be the limit for 
coherent nucleus fo=. ation, w: iich is similar to the lip Iitiný" lattice 
mismatch for epitavy (the over`, "rov; th of a cryfs t-z 1 on a second phase). 
In both coherent and incoherent ca, 4A^ the gve2te- the --iisi7tch the 
F, rrater the de, rree of supercoolt. ng requircd for crystallisation. 
Another. trC;, 'Ltrnc-nt h irr-. n rv -- ; i1±n+^7 
: tartin: ý point c:: ^? i _7n a'' tt', e un e . ý'crl- 
Üt; t 1!. %VI '. fLCCd it, to 
the cone] U ic-is of Jr"-! -I: r L: 11 1'11 1.1:,. 7Yj1?.? in tey- ;. )f 
rilstortion of the ruclr'u5 ý., r . 
ben-i ; fre; Rnr. r-, y £-crocO the interface. 
This ho, 7ever, b, Ccjxi c of re, - 'er of rot 
'UP "li:: cu^SGCI here. 
1.5.2. The Use of ? Fueleati. nt; ' crt- in Pol rncr Crystallisation. 
The variety of factors invo]vcrl in -i e1¬"ati. ný : cent activity is 
perhaps inr, tcated by the wile range of mat', ria1 ` of f'ectiveiy utilized. 
Nucleating agents fall into three major groups, i. e. inorganic compounds 
such as metal oxides, phosphates ,, nd halicýe. o, Metal organic compounds, 
such as the metal salts of nubstituter1 benzor tes and sulph. onc. 
tes, and 
polymers. The poly*m-ýrs used ac nucleai irks; a;, ents are higher in meltinG 
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point than the polymers they are used to nucleate and are sometimes 
copolymers, one of the monomers being that of the polymer to be 
nucleated, the other chosen to raise the copolymer melting point. 
Nucleating agents from all three groups have been used for a variety of 
polymers and there is no apparent association between particular groups 
of nucleating agents and specific polymers. 
Beck129 has suggested, on an empirical basis, that a good nucleating 
agent for polypropylene should possess the five following characteristics: - 
(a) It should be capable of reducing the interfacial surface free energies 
involved, i. e. it should be wet by or absorb polymer on to its surface 
at and below the polymer melting point. 
(b) It should be insoluble in the polymer below its melting point. 
(c) It should melt above the polymer melting point preferably without 
decomposition. 
(d) It should be non volatile, stable and unreactive towards its 
environment, i. e. polymer, oxygen, moisture and miscellaneous polymer 
additives. 
(ý It should possess a crystalline structure similar to that of the 
polymer. 
Beck used this list of requirements as a guide in examining a series 
of compounds as nucleating agents, with the aim of relating chemical 
structure to nucleating agent activity. This work of Beck, and that of 
Binsbergen13o contrasts with much of the work on nucleating agents which 
has often merely been extensive screening of compounds for nucleating 
activity. While there are many lists of compounds which have demonstrated 
, and their activity as nucleating agents for a particular polymer131-1 
30 
many individual compounds claimed as nucleating agents in the patent 
literature, few attempts to relate activity quantitatively to the nature 
of the nucleating agent have been made. 
,,.,. ýý- 
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However, an important requirement for both these activities is a 
method giving a quantitative measure of nucleating activity. A variety 
of methods have been used, among them being the measurement of basic 
parameters such as isothermal crystallisation rate139, and the'critical 
degree of supercooling or critical crystallisation temperature131-138 
but measurement of properties modified by the use of nucleating agents 
such as spherulite size139, optical clarity140 and mechanical properties140 
have also proved useful. 
The most widely used method for meaf3uring nucleating agent activity 
has been the measurement of critical crystallisation temperature by 
differential thermal analysis or differential scanning calorLmetry. 
The instrumental theory for the D. S. C. is described in section 1.4.2. 
A large amount of work_has been carried out on the effect of the 
nucleating agents chemical structure on its nucleating activity with 
regard to polypronylene130,141. Apart from some rather insignificant 
trends it is apparent that chemical structure cannot be directly 
related to nucleating ability. 
1.5.3. The Influence of Physical Factors on Nucleating' Agent Activity. 
has apn1roached the problem somewhat differently, 
1 Binsbergen3ý 
attempting, to relate the physical behaviour of the nucleating agent to 
its activity. Althouch it has been arsurned in the past that the 
nucleating; agent must be insoluble in the polymer to be effective, there 
has been little data to establish this and indeed, Karg in et al142 have 
reported that glycerol droplet- act as nuclei for polymer crystallisation. 
However Binsbpr, cren has excninc: d the import-. nce of nucleating agent 
solubility bZr a series of exp riaýents rndl arc mr thrtt the tree, '. of' 
decreasing activity is it the sane r? ircction as the tendency to 
increased soluoility. Fe also e , i1 r. 'te 
that tic cv. dition of 
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oitbntittients to nucieatiný ý; rnt iT'! fli, rprP the nuclrvtiry ^ctivtty 
by modifying; the Foi-i? >; _:! 
ltv chv. r^ctrri, ^tiv, In t}ýc; polymer at tij; h 
c! caný temperatures. ', n tnc ic- ihn of ri L do tl7, ý b,, twccn 
nucleating c, L ent arc? uinrvrove r, etc: I prr . ''nt in polyrr3pylene 
fron! the polyrleri. s:.. t_, L-ýn cat;. ly': 't, h: been : '=1'? ttn by tlic .. tmo , rorkcr. 
Other re^eare'ýer^ in t'ir 1i,. l r avc u«e,, t -"-. h, A these catalyst 
residues may üC rc týT.: 't}J1C fC nv(-, I F'_ci in roly); rorylene 
without added nuclEating a ent. 1 uZ re et El 
147 
have found that there 
is a rough COrrF: l. t7 n Tpl ner ah content (a :" car'Tare of 
the 
inorganic impurities in the rpolymer) an() critical crystallisation 
temperature for polynronylene. 
Bincbergan has --u, rested , by ana?. o r with KH phenylacetatel4e and 
149 KH benzoate that the metal benzoateo form as iandwich (or micellar) 
type structure of a1ternatir- polar - nonpolar regions with hydrocarbon 
non-polar faces being exposes to the polymer melt and involved in its 
crystallisation. 
Generally, for polymer melting temperatures above the. equilibfitun 
meltin, -, temper^ture the nucleation density (for heterogeneous 
C 
nucleation) at a liven crystallisation temperature io constant 
50' 51' 
Exceptions to this behaviour have been observed for polyethylene 
oxidel 
52 153 
, polychlorotrifluoroethylene and for polyethylene 
terephthalate, l59,160 where there is a relationship between the 
maximum temperature of melting" and the nucleation density. 
A similar phenomenom has been observed in non-polymer crystallisation 
having been reported as early as 1915 by Othmer154. This effect has 
been examined by Richards155r15C who was able to relate it to the 
presence of extraneous solids. Turnbul1157 has investigated the 
solidification of Gallium and found a similar effect which he has 
explained in teams of embryos being retained in. cavities of solids above 
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the melting temperature. Price153 has sup; 7ested a similar mechanism 
for nucleation in polymers. To generalise, the temperature above the 
equilibrium melting temperature required to melt crystalline material 
within pores, depends upon the size and geometry of the pore, and the 
interfacial energy between the cr; -stal and the heterogeneity. For 
a given pore geometry and interfacial energy and with a distribution 
of pore sizes the higher the temrerature above the equilibrium 
melting temperature, the smaller the size of the pores within which 
crystalline material will be rEtPine(?, sand hence the lower the 
observed nucleation density upon ä abs' quent crystall tsation at a 
particular. tempert, ire. explains analititývely tie 
temperatv. rp dependence of nuclea-t nn invo?. vin, _ ce tait heteroge,, eities 
and is equally aper frig+. ý to polymer However, it 
does not explain hrrerogeneous nucleation in polymers where the 
nucleation ! yen^ity is not melt trrtpFrat ire dcendent. since 
polyethylene terenhthalate is melt te, perature depenicnt with regard 
to crystallisation the .;. bove theory is a, T: plicable, t: lthoug"}i very little 
work was published on this polymer prior to 1971. Jackson and 
Longman 58 stur1ied cryetal. lisaV_on from the melt of various P. E. T. 
samples prepared under different conditions, including a wide range 
of copolymer systems, both random and block. They also studied the 
effect of efficacious nucleating agents on the rate of crystallisation. 
A particular nucleating a7? 'ent talc, was shown to be effective by means 
of a microscopic technique158 for direct observation of spherulitic 
growth rates but the reasons for this were not discus,; ed. 
Groeninckx 
161 
demonstrated the effectiveness of other inorganic 
materials such as kaolin and Ti02but i ... de little comment on the 
mechanism. 
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However, work by Morgan et al 
159 , 160 ha. s shown the melt 
dependence of this polymer as far as crystallisation behaviour is 
concerned and Jackson158 has indicated the dependence of the 
crystallisation rate upon the catalyst system due to possible 
nucleation effects. In view of these facts it is obviously a complex 
system with regard to heterogeneous nucleation and this will be discussed 
at length in Chapter 4. 
1.6. The Scope of the Present Study. 
The primary reason for carrying out this study was to see if it was 
possible to clarify the role of the nucleating agent in polymer 
crystallisation, with particular emphasis on P. F. T. A thermal analysis 
technique, D. S. C. described previously in section 1.4.1. was employed 
to monitor the influence of the nucleating agents on the actual 
crystallisation process. The effects of the various agents on the 
morphological and mechanical properties of the crystallised polymer was 
carried out on samples direct from the D. S. C. This enabled a more 
direct comparison of the influence of the nucleating agents (through 
crystallisation) on the different physical properties. 
P. E. T. was chosen as the polymer for investigation principally 
because of the fact, as mentioned earlier, that relatively little work 
had been carried out on this particular polymer. The reason for this 
is probably due to the fact that the crystallisation behaviour of P. E. T. 
is very sensitive to variation of the melting temperature 
1599-1+60 
'Also, because of its high melting point, the polymer is consequentally 
subject to risks of degradation, giving rise to technical difficulties. 
1.6.1. Outline of Study. 
The prelimdnary work was carried out on polypropylene, a well 
documented polymer, and one which is easy to study with regard to the 
50 
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behaviour of nucleating agents. This enabled a better acquaintance 
of the operation of the DSC 1B for nucleation - crystallisation studies 
to be achieved. Once some order of nucleating effect had been 
recognised, the main study was instigated on P. L. T. 
It was apparent from the outset that the method of mixing would be 
very important with regard to obtaining a homogeneous dispersion of 
the additives in the polymer. A series of different techniques of 
mixing were, therefore investigated and ultimately a method utilising a 
screw extruder for blending was adopted. 
A systematic study of the influence of a variety of different 
nucleating agents on various properties was then carried out as 
mentioned in the previous section, and an attempt was made to relate 
these properties. 
4 
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;.. 2. 
'Mäterials, Equipment and Experimental Techniques. 
Inýthis chapter the experimental work is described, being 
preceded by a section on the materials and equipment used. Initially, 
preliminary investigations of the mixing techniques and the manipulation 
of the D. S. C. 1B were carried out on polypropylene in order to become 
acquainted with the methods. A more detailed account of techniques 
used in the studies on P. E. T. is then given. This includes sections 
on mixing and particle size measurement, calorimetry and related 
topics, morphology and mechanical testing. Miscellaneous but 
relevant associated work on molecular weight and density determinations, 
X-ray diffraction and the development of computer programs for the 
analysis of results are also included. 
4 
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2.1. Materials. 
This section describes the materials used in the ensuing work, 
with'relevant information on their properties and suppliers in so far 
as they are known. 
2.1.1. Polymers. 
The polymers used in this study were kindly supplied by I. C. I. Ltd. 
and the types and relevant details are shown in Table 2.1. 
Table 2.1. 
Polymer Physical State Grade No. Molecular Weight 
or 
Intrinsic Viscosity 
- Polypropylene Amorphous chip Propathene 
G. W. E. 21 
Polyethylene Amorphous - 13,700 
163 
Terephthalate film 
Polyethylene Amorphous Grade B43 I. V. of 0.58 - 
Terephthalate chip 0.64 (o-chlorophenol 
25°C) 
2.1.2. Fillers. 
The types of filler used in this study have been put into 
sections on the basis of their reasons for choice. These are listed 
below for clarity. 
(i) materials whose crystal spacing was similar to that of P. E. T. 
(ii) thermally stable polymeric materials. 
(iii) 'fillers known to be effective nucleating agents for other 
polymers e. g. for polypropylene. 
(iv) materials recommended or used by other workers for P. E. T. 
with the exception , ®f 
(v). 
(v) fillers based on talc, which is used commercially as a 
nucleating agent for P. E. T. 
53 
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(vi) Micas (these materials have the same basic structure as talc. ) 
(vii) miscellaneous fillers (these were added in order to give a 
greater cross-section of different types of materials. ) 
The relevant properties in so far as they are known are 
categorised as above in Table 2.2. The size grading for the 'as 
supplied state for most materials and also' after blending-for the 
micas was obtained by a microscopic technique described later. 
Details are entered in order to give a rough idea of the particle 
sizes of the fillers. 
ý4 
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Table 2.2. 
Category Filler Supplier Size grading 
(i) Sb204 Research organic/ 9064 7u 
inorganic chemical max. - 15031 
corporation. 
Ni02 B. D. H. 
CaC2 B. D. H. - 
PbS B. D. H. 99% < 7)J 
max - 300U 
PbF2 B. D. H. 99% +< 733 
max - 100)3 
Polyacrylon- -- - 
itrile 
Polytetrafl- B. D. H. Agglomerates 
uoroethylene 20 - 80)3 
(iii) Sodium B. D. H. 95%. c 77 Benzoate max size 4017 
Potassium B. D. H. - Benzoate 
(iv) Indigo B. D. H. 100% < 733 
Alizarin B. D. H. - 
Boron 99% 711 
nitride B. D. H. max. - 7031 
Sodium B. D. H. 95% < 733 
stearate max. - 150F 
(v) Several different varieties of talc were kindly provided 
by Compounding Ingredients Ltd. 
Mistron C. I. L. 100% < 617 
Vapor b9% < 2F 
" 50% < 1F 
max. - 6)3 
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Table 2.2. (cont'd. 
Category Filler Supplier Size grading. 
(v) cont'd. Mistron C. I. L. 100% '- 6JT 
Super Frost 80% < 2JJ 
58°1 c 1jJ 
max.. - 63J 
Mistron 139 " 85% < 1CJJ 
31 %< 2p 
15% <1 j7 
max. - 30j7 
Sierra '(5 1 oo% < 30936% 
< 1oy 
2% < 1JJ 
max. - 44p 
Mistron Z. S. C. Same as for Mistron 
Vapor but particles 
coated with zinc 
stearate. 
Talcum B. D. H. 85% < '1)J 
max - 50JJ 
(vi) Micas were supplied by R. F. D. Parkinson Ltd. in rock 
form and consequently had to be crushed by a hwnmer and then 
ground in a Moulinex coffee grinder. Particle 'size 
measurements were carried out both before and after extrusion 
(see section 2.4.2.2. ) in order to see if any reduction in size 
had occurred. 
It must be made clear at this point that the particle 
" sizes quoted for the other classes of materials are those prior 
to screw extrusion and are thus somewhat greater than the ones 
after this process. 
4 
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" r. Table 2.2. (cont'd. ) (vi) cont'd. 
Filler Size grading Size grading 
'-- after. grinding after extrusion. 
Phlogopite 5% - 100 - 250FT 20% 30 - 5033 , 90%- 14 - 30) 70% < 14)T_ 
max. . .. 500)3 Max ... 150J3 
Muscovite 3% - 200 - 30033 83% - 20 - 30)3 
90%- 50 - 10033 60%- < 143J 
max. - . ". 700)J max. ^- -200)3 
Gilbert, ite 10% - 50 -10W 5% - 50 - 7ojJ 
80% - 14 - 30)1 90% < 1433 
max. 350JJ max. ... 70)3 
Kaolinite 5%' - 20 - 5033 95% 737 90% . <. 7)T max. ... 50)1 
max. . ý. 10033 
Damourite 5% - 100 - 200)1 95% 7)J 
40 F 14 -3 max. "". 80)1 % 0 
max. ,.. 30031 
Vermiculltie 5% - 200 -50033 5% - 14 - 30P 
10% - 50 -100)7 90% 733 
75% - 4" 7JJ max ... 60)3 
max. .ý 500JJ 
Biotin 5% - 150 -30033 5% - 14 30JJ 15% - 50 -10031 901 F 
15% < 'IF max ^- 5031 
max. .. - 500)7 
Lepidolite 10% 200 -50033 5% - 20 - 4031 801 733 85% 7u 
max. ... 600)7 max ... 50}7 
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Table 2.2. (cont'd. ) (vi) cont'd. 
Filler Size grading Size grading 
after grinding after extrusion. 
Hydrobiotite 5% - 300 - 500» 10% - 20 - 50J 1 100 - 20 80% 7F 
15% 
0 
=F 
max. ý"- 700j1 
(vii) The final part of the table shows some miscellaneous 
fillers which were used, which are a comb ination of inorganic 
and: metallo-organic materials. 
Filler Supplier Size grading 
Lead Acetate B. D. H. 60% < 7JJ 
max. ... 200)1 
Calcium Oxide 95% < 3J 
max. ... OJT 15 
Activated 95% 731 
Charcoal max. 100JT 
SiO2 90% .. 
max. 150 
T102 
Sodium - - 
Succinate 
Titanium 
Oxalate - - 
w. r. .. v. ý. 
-: ý-,, a. ^-1.. ý. za. ". yi" r. -*r'rr-m gyn.. --- - 
2.2. Equipment. 
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The equipment used in this work can be divided into five main 
groups appropriate to the main subject investigation areas: - 
(i) Crystallisation and thermal analysis. 
(ii) Morphology. 
(iii) Mechanical Testing. 
(iv) Grinding, mixing and particle sizing. 
(v) Miscellaneous. 
2.2.1. Crystallisation and Thermal Analysis. 
A Perkin Elmer Differential Scanning Calorimeter (D. S. C., IB) 
was used for this work as described previously in the Introduction. 
In all the work on this instrument a controlled flow of nitrogen of 
approximately 20cc/min was maintained by means of a sinter and valve 
attachment. 
2.2.2. Morphology. 
A number of techniques have been employed for both the 
preparation and examination of specimens for this particular aspect 
of the study.. These are: - 
(i) Optical Microscopy. 
A Vickers Polarizing Microscope (Pat. App. No. 44100/61) was 
used for both examining microstructure and assessing particle size 
prior to blending. After extrusion-mixing, the same microscope set 
up for Phase-Contrast was used for the determination of filler 
particle sizes. This type of microscopy enhanced the contrast 
between filler and bulk polymer. 
(ii) Electron Microscopy. 
Both transmission and scanning electron microscopy were used. 
An A. E. I. E. M. 6B electron microscope was employed for transmission 
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studies, while direct surface examination was carried out on two 
different scanning electron microscopes. In the early part of the 
work a Vacuum Generated 11iniscan was used, but owing to its 
technical breakdown a Cambridge S600 scanning microscope was adapted 
for later studies. 
(iii) biicrotometry. 
(a) Microtomes: - Two different types of microtome were used: - 
A Cambridge Rocker Microtome in a freezing cabinet and a Pelcool bench 
microtome. 
(b) Ultra-microtome: - formerly sections were cut for the electron 
microscope on a L. K. B. ultramicrotome. However, because of 
deformation of samples during cutting, the following more sophisticated 
technique was employed. 
(c) Freezing Ultra-microtome: - in this case the same basic 
instrument as above was used incorporating a L. K. B. cryokit (a freezing 
attachment). The low temperature reduced the risk of deformation. 
(d) Preparation of Samples. 
AR eiclean (1/8" head) Ultrasonic probe was employed for breaking 
down particle aggregates produced in the hydrolysis process. (see 
section 2.7.2.1. ) 
2.2.3. Mechanical Testing. 
Formerly a specially constructed impact tester consisting of a 
metre long glass tube, special darts and a holder for the test 
specimens was used. For compression testing in the later work an 
Erweka tablet tester was used originally, but ultimately a 
Hounsfield Tensometer type W was employed. The operation of these' 
pieces of equipment is described in section 2.8. 
W 
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2.2.4. Grinding, Mixing and Particle Sizing. 
(i) Grinding. 
Grinding was carried out on the Vibration Mill Mark II 
R. 11C initially and later in aMoulinex Coffee Grinder. 
(ii) Mixing. 
Four different approaches to mixing and blending were used: - 
(a) Davenport Melt Indexer Automaton. 
(b) Atkinson - Nancarrow Ftheometer. 
tc) Acenaphthene Vapour Bath. 
(d) Iddon Screw Extruder. 
The latter was the instrument ultimately adopted. 
(iii) Particle Sizing. 
Several techniques were employed and involved the use of: - 
(i) Endecott's test sieves coupled with a rotary vacuum 
device (Alpine Augsburg). 
(ii) An optical method based upon the use of the Vickers optical 
microscope mentioned earlier, incorporating a graticule. 
(iii) Andreasens particle size apparatus iTechnico) as specified 
by BS3406 part 2. 
(iv)1ide-Angle Scanning Optical Sedimentometer kMicroscal Wasp). 
(i) and Iii) were the methods adopted. 
2.2.5. Miscellaneous Techniques. 
A number of miscellaneous studies were carried out mainly as 
supporting experiments for the main work. These involved X-ray, 
Viscosity, Density and Computer-based methods of analysis. 
(i) X-ray. 
A Newton-Victor. Raymax t40kv 40mA) with a Nickel filter 
and CtffCk radiation was employed for X-ray work. 
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(ii) Viscosity. 
The molecular weight of polymer samples was found by means 
of a Ubbelohde suspended level viscometer. 
(iii) Density. 
A Tecam density gradient column ITechne Cambridge Ltd. ) 
was used for density measurements. 
(iv) Computer Analysis. 
A Bryans XY Recorder k26000 A4) with a curve-following 
attachment was employed for tracing isothermal 
crystallisation curves obtained from the D. S. C. 1B 
(See section 2.5.1. Both the Argus (Ferranti Ltd. ) 
and the I. C. L. Computers were used for the analysis of 
results (see section 2.5.2. ) 
Having outlined the nature of the equipment used in the present 
work we now turn to its application, first of all with polypropylene. 
4 
62 
A 
2.3. Preliminary Investigations on Polypropylene. 
In order to become familiar with the techniques appropriate to the 
thermal analysis of nucleation and crystallisation phenomena in 
polymers, initially polypropylene was selected for investigation. 
This was primarily since relatively little work had been carried out 
on P. E. T. (the main polymer of this study) in this particular field, 
compared with the considerable literature available on the nucleation 
164 and crystallisation behaviour of polypropylene e. g. It was 
felt that this experience would highlight difficulties which might 
arise with P. E. T. and is described here as a basis for such 
considerations. 
2.3.1. The Nucleation of Polypropylene. 
It was decided that an established nucleating agent for 
polypropylene would be used since an appreciation of the technique of 
D. S. G. was all that was necessary at this stage. Beck169 has 
carried out a systematic study on a variety of materials with respect 
to nucleating activity in polypropylene and reported sodium benzoate 
as being the most effective. It was accordingly used as the 
nucleating agent. 
Since the type of equipment for blending used by Beck (i. e. a screw 
extruder) was not available at this stage, other methods of mixing 
had to be explored. These other methods involved the polymer chips 
being reduced in size and was carried out by both mechanical and 
chemical means. 
2.3.1.1. Conversion of polymer into a form suitable for MixinE. 
(i) The mechanical grinding of polypropylene chips. 
The Polypropylene chips proved to be too tough for grinding by the 
coffee grinder at ambient temperature and consequently it was decided 
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to carry out the grinding at sub-zero temperatures using liquid 
nitrogen. At these low temperatures the polymer behaves in a 
brittle manner. 
Polymer chips were placed in a boiling tube with a rubber bung, 
and then placed in a dewar of liquid nitrogen for 5 minutes, prior 
to being ground in a Moulinex coffee grinder for approximately 
1 minute. This procedure was repeated several times in order to get 
an appreciable reduction in the particle size (visibly). The 
resulting material, though considerably reduced in size, was still 
coarse with a large distribution of particle sizes, often exceeding 
1mm in diameter (opticle microscope). Consequently a second 
approach was adopted since finer particle sizes were required for the 
proposed methods of mixing (see below). 
(ii) Solution and Precipitation of Polypropylene. 
6.0 gms of polymer were dissolved in 600m1 of the solvent Xylene 
at 85°C. Methanol, a non-solvent, was poured into this with stirring 
to produce a precipitate which was filtered by means of a Buchner 
funnel and then dried at 95°C overnight in a vacuum oven. The 
final product was ground in a coffee grinder for a few minutes in 
order to produce a fine powder (64iý < 600J on sieving). 
2.3.1.2. Methods of mixing Polymer and Nucleating Agent. 
Method 1. 
Approximately 0.5gm of polypropylene from iii)'above 
was weighed into a sample tube containing 1% sodium benzoate 
(a recognised nucleating agent for polypropylene 
129 95%, - 7jJ) 
and the tube well shaken by hand. This was repeated for six 
similar samples which were added together for a further shake 
in order to improve the uniformity of the resultant mixture. 
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A 10mg sample was crystallised "isothermally, the results from 
which will be described later in section 2.5. 
Method 2. 
1"7gm of polypropylene and 00017 gm of sodium benzoate 
were weighed out and mixed together in a Moulinex coffee grinder 
for approximately 1 minute. A 10mg sample was taken and. 
, examined by D. S. C. as in the first method. 
Method 3. 
In this method 1% sodium benzoate was added to the polymer 
whilst it was still in solution in Xylene. The polymer was then 
precipitated in methanol and dried overnight in a vacuum oven, 
prior to grinding and a sample again being taken for examination on 
the D. S. C. 
It must be made clear at this point that prior to any meaningful 
isothermal crystallisation runs being carried out on the D. S. C., the 
melting conditions prior to crystallisation must first be ascertained. 
This is in order to remove or at least minimise the number of polymer 
crystallites left in the melt which may act as heterogeneous nuclei 
for polymer crystallisation. The optimum melting conditions were 
arrived at by varying the melt temperature-and the time of residence 
at this point, in order to obtain a minimum rate of crystallisation at 
a predertermined crystallisation temperature. This would correspond 
to the conditions required to destroy the maximum number of polymer 
crystallites. 
Once the basic techniques had been established and a nucleating 
effect detected for sodium benzoate in polypropylene (See Fig. 3.10) 
the main part of the study was now started. This was on the polymer 
polyethylene terephthalate (P. b;. T. ), and all the following work was 
carried out on this particular polymer. 
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2.4. Mixing Techniques for P. E. T. 
In this section, methods for converting the base polymer into a 
suitable form for blending, and the subsequent methods of mixing are 
described. Since a dissolution and re-precipitation techniques had 
already been successfully used for polypropylene, (Section 2.3.1.1. ) 
this was the first method attempted. 
2.4.1. Preparation of Polymer for mixing. 
(1) Solution and subsequent Precipitation of P. E. T. 
Approximately 5gms of PET (0.01211 sheet) were dissolved in excess 
o-chlorophenol by allowing to stand overnight. P. E. T. was 
precipitated by the addition of a non-solvent, acetone, and subsequently 
dried in a vacuum oven at 100 °C. It was found to be very difficult 
however to remove o-chlorophenol (BPt. 1'(5. b°C) from the polymer, and 
its presence was still detectable by smell after a period of several 
hours drying. Consequently this method was rejected because of the 
possible influence of o-chlorophenol on subsequent nucleation studies. 
(ii) Crystallisation and subsequent Grinding of P. E. T. ' 
A piece of '0'012" sheet of amorphous P. L. T. was placed on a clean 
watch glass in an oven at 1800C for 1 hr. The P. E. T. became opaque 
and brittle owing to crystallisation. It was broken into small 
pieces by hand and then transferred to a Moulinex coffee grinder in 
which it was ground for approximately 5 min. 
2.4.2. Methods of Mixing Polymer and Additives. 
Mixing was carried out initially in the dry powder form and for 
later work in the molten condition. 
2.4.2.1. Mixing in the Dry Powder form. 
The polymer was first dried for 1 hr. in a vacuum . oven at 
60°C. 
0'2 gms of this were mixed with approximately 1% by weight of a given 
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additive on a filter paper. 
In order to optimise the dispersion of the additive in the 
polymer this technique was further refined. This involved the 
separate mixing of the two components on six filter papers and'then 
combining these for a final mix as for polypropylene in section 2.3.1.2. 
The above method of mixing was used for all the early irork when 
just the sheet form of P. E. T. was available. Later Melt Blending 
was adopted after a quantity of amorpnous chip P. E. T. (B43) had been 
supplied by I. C. I. Ltd., and from this point all further work was 
carried out on this particular polymer. 
2.4.2.2. Melt Blending. 
It was considered that this form of blending would provide an 
environment in which more intimate mixing could take place. Initially, 
as it was readily available, a Melt Indexer was employed. This was 
-followed by other types of apparatus as described below. 
(a) Melt Indexer. 
20gm of polymer chip and 0.2 gis of filler (talc) were weighed 
and transferred to a vacuum oven at 80°C for 60 min. The polymer 
chips were then dusted with the filler while still warm. Approximately 
5 gms of this mixture was poured into the Melt Indexer set at the 
appropriate temperature, (280°C) and left for 30 secs. After this 
period a 2.26 kg load was applied to the piston (in position over the 
polymer) and the molten polymer blend allowed to extrude. 
(b) Atkinson - Nancarrow Rheometer. 
This instrument, which is normally used to study the rheological 
properties of polymers, was fitted to a Hounsfield tensometer, and 
the polymer chips were introduced into the rheometer by means of a 
brass funnel. The barrel was set at a temperature of 280°C to melt 
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the polymer which was extruded by switching on the tensometer. 
(The instrument behaves as a small extruder). 
The extrudate showed signs of degradation, indicated by a brownish 
discoloration, and also the P. E. T. was found to be very difficult to 
remove from the extruder when solidified. In view of these reasons 
further techniques were investigated. 
(c) Acenaphthene VapourBath. 
The polymer chip was treated as for the Melt Indexer in part (a) 
and then transferred to the melting tube of a vapour bath containing 
a , few grains of acenaphthene (Bpt. 278°C). The bath was heated on an 
isomantle under a constant stream of nitrogen until the polymer melted. 
At this point it was stirred with a glass rod for a few seconds to 
enhance the mixing. Finally, the melting tube was removed and 
destroyed to recover the solidified polymer. 
(d) Screw-Extruder. 
In this technique, which proved to be the most successful t p, B, T, 
chips were dried under vacuum at 120°C for 16 hrs. 50Q gm batAes 
of the polymer were taken and tumble-mixed in a large glass jar with 
the additive (5 gn for 1% concentration) for approximately 15 mins. 
prior to extrusion in the Iddon Screw-extruder. This instrument 
was first calibrated to find the shear rates corresponding to 
different settings on the rev. counter (See Fig. 3.25a). The 
extrudate obtained over a fixed time interval for four different 
screw speeds was weighed, and the shear rate was calculated from 
the equations- 
JR= 4 
83 
where jR = shear rate sec 
1 
Q- quantity vol/sec. 
R- die radius. 
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The extruder operated with a temperature gradient ranging from 
240°C at the feed end to 2b50 C at the head. This was maintained 
by five heaters situated along its length. 
A Moulinex coffee grinder was used to convert the extrudate into 
a small particulate form suitable for work on the D. S. C. 1B. 
Having described the mixing of the polymer and additive's we can now 
turn to the measurement of the various properties as indicated, 
associated with the filled and unfilled polymer in its crystalline 
form. 
2.5. Differential Scanning Calorimetry. 
This particular aspect of the work constituted the main part of the 
research and was carried out to find the rate of crystallisation and 
hence denote the nucleating efficiency of various fillers at 
different temperatures. A Perkin Elmer Differential Scanning 
Calorimeter D. S. C. 1B was used throughout, the theory of which has been 
described in the Introduction. 
Concerning actual operation, the D. S. C. was first calibrated *. r. t. 
temperature close to the temperature region of interest. A series of 
pure materials with well-defined melting points in the range 680C 
(Azobenzol) to 3270C (Lead) were therefore used. Approximately 
10 milligrams of material were placed in a D. S. C. pan and sealed with 
a lid in the special crimper. This was placed in the sample side of 
the cell and specially designed aluminium covers were positioned on 
both the sample and reference holders. It was then heated at a 
programmed rate, range (sensitivity) and chart speed until the sample 
melted producing a peak. The position of the apex of this peak. 
(See Pig. 2.1) corresponds-to the melting point of the material and was 
compared with the literature value. If the indicated melting point 
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Table 2.3. The Average Temperature Calibration Settings for 
the D. S. C. 1B. 
Substance 
Azobenzol 
Benzoic Acid 
Indium 
Dicyandiamide 
Tin 
Sodium Nitrate 
Lead 
Melting Point (0K ) 
341 
395 
429 
483 
505 
580 
600 
Calibration Setting. 
5.10 
5.10 
5.10 
4.85 
4.85 
. 4.85 
5927, 
4 
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was low or high, the average temperature control was turned clockwise 
or counter-clockwise respectively. This procedure was repeated until 
agreement with the literature value was obtained and a series of 
materials, melting points and calibration settings are shown in Table 2.3. 
Once calibrated the instrument was then ready for use in two 
different modes: - (i) isothermal and (ii) dynamic. The latter could 
be split further into increasing and decreasing temperature operations. 
(i) Isothermal Operation. 
The D. S. C. was used in this mode in order to follow the isothermal 
crystallisation behaviour of the polymer. A 10mg sample of polymer 
was weighed out in a D. S. C. pan, crimped, and placed 'in the cell. The 
scan speed was set at the fastest rate (64°C/min, to give speed of 
operation) until the sample was within approximately 50°C of the pre- 
selected melting temperature. It was then adjusted to progressively 
lower scan rates down to 2°C/min for the last 4°C and stopped at the 
melting temperature for the appropriate length of time. After this 
period, the temperature was decreased manually to the isothermal` 
crystallisation temperature. A typical D. S. C. trace is shown in 
Fig. 2.2. 
The usual range setting and chart speed for this work was 8m. cal/sec 
and 60in/hr. respectively, since these gave a convenient size and 
shape of peak for analysis purposes. 
(ii) Dynamic Operation. 
(a) Increasing Temperature: - The D. S. C. was used in this mode in order 
to follow the dynamic crystallisation of amorphous P. L. T. at low 
temperatures. The operation of the instrument is identical to that 
previously described in the calibration procedure. 
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(b) Decreasing Temperature: - This mode of operation was employed to 
study the dynamic crystallisation of P. E. T. from the melt. After 
holding in the melt for an appropriate length of time, the sample was 
crystallised by putting the instrument to the programmed cooling mode. 
In this latter case however, it was found that only relatively slow 
scan rates (. C 8°C/min. ) gave accurate temperature control., 
170 
At higher rates the temperature in the cell and that recorded became 
increasingly different. 
The following section deals with the isothermal mode which was the 
most used and therefore most important method of operation. For 
dynamic increasing temperature studies only a 'cold-crystallisation' 
temperature 1-11 is produced while for decreasing temperature, 
crystallisation rate data can be obtained, 
112although 
several 
assumptions must be made. The section is devoted primarily to the 
-temperature equilibration of the D. S. C. foranalysis purposes during 
isothermal crystallisation studies. This was considered a necessary 
ancillary study as far as high crystallisation rates were-concerned- 
2-5-1- Equilibration of the D. S. C. in the Isothermal Mode. 
This work was carried out in order to find the point at which 
isothermal crystallisation commenced with-regard to a point in time 
on the D. S. C. trace and thus permit a more accurate analysis to be 
achieved. (see Fig. 2.2. ) 
According to the instrument manufacturer the point at which 
equilibration takes place after dropping the temperature from the melt 
to the crystallisation temperature, is denoted by the onset of the 
green light. It has been found however, that this only indicated 
the instrument was beginning to equilibrate with respect to 
temperature. 173 Consequently the isothermal crystallisation 
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temperature had not been achieved, and the crystallisation process 
could therefore not be measured from this point. 
A chromel/a]mel thermocouple incorporating a very sensitive 
millivoltmeter Parnell AC/DC Type rß22) was used for monitoring 
temperature. 10mg of P. E. T. were weighed in a D. S. C. pan and melted 
with the end of the thermocouple inserted into the material. The 
pan was removed and air-quenched to set the thermocouple in position. 
This arrangement was then introduced through the side of the D. S. C. 
cell as shown in the diagrammatic representation Fig. 2.3. The 
D. S. C. apparatus was set to the desired crystallisation temperature 
and the millivoltmeter zeroed by adjustment of the stabilised D. C. 
voltage supply. (It was found that use of a battery gave too much 
fluctuation. ) The temperature setting was then hand-cranked to the 
melting temperature and the millivoltage allowed to stabilise for a 
-few seconds before a similar adjustment to the desired crystallisation 
temperature. The time elapsing from the onset of the green light to 
the equilibration of temperature was measured by means of"a stop-match. 
This was found to coincide with the time to the kick of the recorder 
pen as shown in Fig. 2.2. The above procedure when repeated for a 
variety of different melting and crystallisation temperatures 
produced the same result. Isee Appendix 1) 
2.5.2. The Method of Analysis of Isothermal Crystallisation Results. 
For reasons of accuracy and efficiency it was decided that a 
computer-based method of analysis would be used for the interpretation 
of the isothermal crystallisation results produced by the D. S. C. The 
basis of the analysis was the solution of the Avrami Equation by the 
integration of crystallisation peak areas. An alternative approach 
which utilised a planimeter for this purpose was attempted originally 
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and was discovered to be a tedious and extremely time consuming 
method of measurement. 
Three different approaches to the computation of results were tried, 
but only the results produced by the latter of these are presented in 
this thesis. 
Initially a computer program (MIKG24C) was written114 to calculate 
the cumulative area under isothermal crystallisation traces. This 
utilised Simpsons Rule and required only the height from the baseline 
to the crystallisation peak at fixed time intervals to be punched 
direct on to I. C. L. computer cards. Although less tedious than the 
use of a planimeter, this was still time consuming since a large 
number of heights had to be measured and punched manually. 
Consequently the possibility of using a more sophisticated approach was 
investigated. 
A second program was written175 and a direct link was set-up between 
the Argus computer and the D. S. C. The computer recorded millivoltage 
readings corresponding to the deflection of the pen of the D. S. C. chart 
recorder from a set baseline during isothermal crystallisation. The 
information was recorded on paper tape ready for introduction into the 
I. C. L. computer for analysis. Unfortunately due to technical 
difficulties, such as background noise problems associated with the 
impedance of the wire connecting the two instruments and also in view 
of the great amount of computer time involved, this method was discarded 
and a third approach using the same computer program was tried. 
In this, a Bryans Curve Follower, i. e. an X-Y recorder fitted with 
an optical head was used. This instrument automatically traced, the 
crystallisation isotherms recorded by the D. S. C. 1B by means of a device 
which consisted of two photo-cells slightly separated with the gap set 
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on the line to be followed. The photo-cells were in balance and 
consequently when a trace was scanned, any deviation was automatically 
balanced by the feed-back. Full scale deflection was set at a fixed 
time interval. This was transferred to paper tape which had to be 
edited prior to introduction into the I. C. L. computer. The isothermal 
crystallisation scans were traced with black ink since the optical head 
requires good contrast to operate efficiently. Apart from this factor 
and the editing of tapes, the method proved to be relatively fast and 
efficient in producing results I. see Chapter 3). This second program 
is shown in the Appendix. 2. 
2.6. Measurement of Particle Size. 
Particle size measurements were carried out on the polymers and 
fillers used in the dry mixing method described earlier in this 
chapter. Materials were also graded before and after screw-extrusion 
in order to ascertain if there had been any breakdown in particle size 
during extrusion. A number of techniques were used as described 
below. 
2.6.1. Sieving. 
This was the first technique used for the measurement of particle 
size of fillers and polymer. A rotary vacuum devibe was employed with 
a range of successively finer grades of test sieve. The original 
weight of the material and that sieved at each particular grade were 
noted. Losses due to the'adherence of powder to various parts of the 
apparatus were negligible and therefore ignored. 
2.6.2. Optical Microscopy. 
In the microscope method1(b a sample of the powder to be sized. is 
dispersed on a glass slide. The particles are viewed through a 
microscope by means of transmitted light with a Ramsden eyepiece. 
5` "1 
, -Me . 
relative numbers of particles in each of a series of size classes. ." 
were determined and these numbers expressed as percentages,; constitute'' 
the size distribution by number. Owing to the large number of 
particles on the slide it was impractical to count and classify'by_ 
size-every particle present. Counting therefore, was restricted-to",:, 
" '. 'sample areas of the slide, and this procedure introduced a sampling 
error whose magnitude depended on the uniformity of the dispersion'. on-, 
the, slide and on the number of particles counted. 
''die above technique was used for all the fillers prior to blending 
on the extruder. To measure the particle size of the"fillers after' 
extrusion a phase contrast microscope was employed since this helped 
to provide contrast between the filler and bulk polymer. Particle 
size measurement proved more difficult in this second case since only, 
. 
1% of the filler was present, but a general idea of particle breakdown 
could still be achieved. 
2.6.3. Miscellaneous Methods. 
Two other methods were tried based upon the principle of the filler 
settling out after being dispersed in a liquid. The first, a wide- 
angle photo-sedimentometer, 
1" 
utilises the principle that opaque 
particles will obstruct an amount of light proportional to their', cross- 
sectional area. In this instrument a beam of light is, split into two 
components which are passed to separate photocells. One of the"beams; ' 
after being made parallel, passes through the sedimentation cell and is. 
attenuated by the suspension, the other is a reference beam. . A'few 
grams' of 'the sample were placed in a 1% solution of Calgon in water 
(dispersing agent) in the sedimentation cell. This was placed in:, 
position and agitated with the special plunger. Unfortunately, the - 
suspension must be scanned for a pre-set time in a static position, ' - 
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in order to produce a baseline, and this proved impossible because of 
the large distribution of particle sizes of the fillers which 
produced a sloping trace on the recorder. 
A second approach was Andreasens pipette method1t8 which iitvolves 
the withdrawal of samples from the suspension during sedimentation by 
means of a calibrated pipette. This operation is carried' out at a 
series of known times after stirring, and the cumulative under-sized 
distribution by weight of the powder is obtained directly by weighing 
the residue after evaporation of the suspending medium. Since these 
samplings can now take place over a period of hours for accurate 
measurements, and also because of the time involved in weighing 
measurements, this technique was therefore not adopted. 
2.7. Morphology Studies. 
These particular studies were carried out with a view to observing 
the influence of variables such as crystallisation temperature, filler 
and filler concentration on the morphology of the crystallised polymer. 
Although two basic techniques were used, i. e. optical and electron 
microscopy, only the latter proved successful. 
2.7.1. Optical Microscopy. 
Despite the fact that this method of study proved ineffective since 
the fine structure of nucleated samples could not be resolved on the 
equipment available, it will be briefly mentioned below. 
A pol, ising microscope was employed to study the polymer in its 
crystalline form and since this instrument functions by the 
transmission of light through the sample, the latter must be 
sufficiently transparent. In order to produce such a sample, a few 
particles (. 1, mg) of polymer were placed in a D. S. C. pan which was 
then covered with a lid. The sample was held at the melting 
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temperature for two minutes and then compressed by applying force to 
the lid. It was, crystallised at the desired temperature (see section 
2.5) and then stripped from the pan for examination. Specimens 
produced by this technique were generally too thick and only 
occasionally were there areas thin enough for microscopic examination. 
A freezing microtome was therefore employed to provide sections thin 
enough to allow the transmission of polarised light. Initially a 
Pelcool bench microtome was used for this purpose but ultimately a 
Cambridge Rocker microtome in a freezing cabinet, which cut sections 
to 1JJ thickness, was employed. Despite the use of low-temperature 
conditions however, considerable deformation took place during 
cutting, as shown by the profusion of colours produced under polarised 
light due to stress patterns in the specimens. Small areas of 
spherulites were observed in the pure crystallised material but the 
finer structure of the nucleated samples could not be resolved in the 
microscope. Attention was therefore turned to the electron 
microscope for its superior properties of resolution. 
2.7.2. Electron Microscopy. 
Both Transmission and Scanning Electron microscopes were employed 
for this work. The former was used for the replicas of etched 
samples whilst the latter proved more effective for the direct 
observation of fracture surfaces. 
Samples were obtained directly from the D. S. C. after undergoing 
crystallisation and chemically etched prior to examination. A variety 
of different etching; techniques were tried, these are described below. 
2. '/. 2.1. Etching Methods. 
Initially, a review of the literature provided reference to two 
different etching techniques for P. E. T. The first of these involves 
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treating the crystallised P. E. T. with a solution of aluminium chloride 
in nitrobenzene1"9 . The latter of these chemicals itself induces 
crystallisation however, 
180 
and could therefore not be employed for 
this particular work. The second approach uses an alkali etching 
process181 in which the polymer is treated with a 50% aqueous solution 
of sodium hydroxide at 120°C for 5 minutes. Electron micrographs 
produced from samples treated in this manner and also by 20% 
potassium hydroxide at 50°C for 1 hour are shown in Chapter 3. It 
was considered that the method was unsatisfactory for reasons 
mentioned in Chapter 4 and therefore alternative techniques were 
investigated. 
ta) Amino-hydrolysis. 
z 
The use of amines as etchants was suggested by Cobbold1ý . It 
was found that ethyl and propyl amines produced a fine crazing on the 
P. E. T. specimen surface after contact of 1 and 5 hours respectively. 
Electron micrographs are presented in Chapter 3. A further 
suggestion183 of using amino-acids for etching P. L. T. proved to be 
ineffective even with high concentrations 1501' aqueous) of boiling 
alinine, i. e. there was no change to the surface appearance under the 
optical microscope at high magnification. 
kb) Hydrolysis of Crystallised and Ground P. E. T. 
At this time the author became aware of another fonn of etching 
which involved hydrolysing the polymer with pure water. 
184 
A sheet 
of P. E. T. was heat crystallised at 160OC for 20 minutes and ground in 
theMioulinex coffee grinder to produce a powder. A small amount of 
this (0.5gm) was placed in a thick-walled glass tube with 
approximately 0.5cc of water, attached to a roughing pump to draw the 
air and a slight amount of water off, and then the tube was sealed. 
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(tube dimensions: - 18cm long, 0.85cm inner diameter, 0.15cm walls and 
approximate volume of 10cc). This was placed in a brass tube (for 
safety reasons) and transferred to an oven at 178°C for 5 hours, from 
where it was removed and broken to recover the sample which was 
extracted by ethanol in a soxhlet apparatus at 79°C. The first 
sample was removed after 421 hours and proved to be a very brittle 
crystalline material, i. e. it was birefringent under the polarising 
microscope. For observation under the electron microscope, the 
sample was ground on a glass slide, dispersed in a drop of water, and 
then collected on a carbon substrate deposited on a grid. An 
ultrasonic probe was employed to break down any aggregation of the 
crystals. A typical electron micrograph of a crystal, with its 
diffraction pattern is shown in Chapter 3. Unfortunately this 
technique isolates the crystalline material from that of the bulk and 
therefore does not give a true picture of the overall crystalline 
morphology of the polymer, which had been aimed at. 
(c) Hydrolysis of Bulk Samples. 
In view of the above result it was decided to use the same technique 
on samples of crystallised P. F. T. direct from the D. S. C. These were 
hydrolysed as above, in this case at lbO°C for 2 hours and then washed 
in ammonia and ethanol to remove the degradation products185 
deposited on the surface of the specimens. The same procedure was 
carried out on a fractured edge of a sample. After suitable etching 
treatment the samples were then replicated in order that examination 
under the transmission electron microscope could be carried out. 
2.7.2.2. Replication of Samples for Electron Microscopy. 
The process of replica-Vion for polymers is not quite as straight- 
forward as for other materials due to difficulties associated with the 
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removal of the replicas. Several different techniques were therefore 
employed to find one suited to this particular polymer. (P. E. T. ) 
Method 1. 
The sample was coated with 100A0 of carbon, shadowed at 450-with 
gold, and a backing film of 50/6 formvar applied, followed by one of 
5-7% bedacryl in benzene. A piece of sellotape was also applied to 
dry a thin strip and to wrap around the microscopic slide. This was 
placed in acetone and a grid slipped between the tape and the formvar/ 
carbon film to lift it away. The formvar was then washed with 
chloroform and the specimen shadowed with gold/palladium to create 
relief. 
Method 2. 
Acetate sheet was moistened with acetone and pressed on to the 
polymer and then removed when dry. The sheet was then coated with 
carbon and shadowed with gold/palladium. 
Method 3. 
Gelatin was moistened with hot water, pressed on to the polymer acid 
left overnight to dry. Method 2 was then repeated using gelatin in 
place of the acetate film. 
Method 4. 
The sample was coated with 100A° of Carbon and shadowed at 45 
0 
with gold/palladium. It was then dissolved in a 50/50 solution of 
o-chlorophenol and trifluoroacetic acid to leave the replicas which 
were collected on copper grids. 
Summarising, the first two of these methods involved the use of 
crystallisation promoting liquids i. e. benzene and acetone whilst 
the third gave inconsistent results. The last technique, using 
carbon, offered no risks with respect to changing the surface structure 
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by producing extra crystallisation and also proved to be very 
reproducible. It was therefore adopted as the most suitable 
replication technique for this particular polymer. 
2.7.2.3. Sectioning of Crystallised Samples. 
Under ambient conditions of temperature it is impossible to cut a 
section of polymer thin enough for observation under the electron 
microscope on an ultra-microtome, owing to massive deformation. 
This difficulty, however, can be minimised by the use of low 
temperatures which promote rigidity in the sample. A standard L. K. B. 
ultra-microtome was employed incorporating a Cryokit (freezing unit). 
Unfortunately, because of the dominant influence of the temperature, 
cutting edge, angle of cut and speed, it proved extremely difficult 
to cut the polymer into sections thin enough for observation under the 
electron microscope. Since only one of these sections was obtained, 
a single micrograph alone is presented in Chapter 3. 
For the examination of fracture specimens after mechanical testing 
a more direct technique of observation was employed. This did'not 
require the relatively sophisticated methods of preparation 
associated with transmission electron microscopy; the scanning 
electron microscope. 
2.7.3. Scanning Electron Microscopy. 
Samples of crystallised polymer were fractured at ambient 
temperature by the method described in Section 2.8.2. and mounted 
using silver dag on to a special aluminium stud. This was situated 
in a coating unit and sptkbtered with a thin film of gold from a 
rotary head from where it was transferred to the scanning electron 
microscope for examination. Electron micrographs of a series of 
fracture surfaces are shown in Chapter 3. 
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In the next section, techniques relating to the mechanical strength 
of the polymer P. E. T. after isothermal crystallisation from the melt 
will be described. 
2.8. Mechanical Testing. 
This work was carried out in order to relate the mechanjcal 
properties of the crystallised P. E. T. to those of the thermal and 
morphological and therefore to throw more light on the mechanism of 
the nucleating agent in polymer crystallisation. As the material 
was not in suitable quantity and since adequate injection-moulding 
machinery was not available it proved impossible to produce test pieces 
for either standard tensile or Charpy and Izod impact tests. 
Consequently, techniques were investigated which involved the direct 
testing of specimens, after crystallisation, from the D. S. C. It was 
considered that this would enable a more direct comparison of the 
different physical properties to be achieved by virtue of the fact 
that the same specimens could be used for all three. 
2.8.1. Dropping - Dart Tests. 
The apparatus for this particular test was constructed in the 
laboratory and consisted of a metre long glass tube directed over a 
clamped specimen down which ball bearings or specially constructed 
darts were released. Specimens were obtained from the D. S. C. after 
being isothermally crystallised and smoothed down on emery paper to 
remove any ihhomogeneities such as small pores. 
Two variations of the same test were used. In one the height of 
a single dart was altered whilst in the other a fixed height and 
different weights of dart were used. Both techniques were 
unsuccessful due to the difficulty in determining what constituted a 
break in a sample and also because of the large numbers of identical 
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specimens required for a valid statistical analysis of the results. 
Consequently, no results have been reported. 
An alternative method of testing had to be found therefore and one 
which was used for the compression testing of concrete cylinders in 
the field of civil engineering was suggested. 
186 
2.8.2. Compression Testing. 
The test specimens were taken direct from 'the D. S. C. and smoothed 
down with emery paper as in the previous section. Initially an 
instrument used for the compression testing of tablets was employed. 
The samples were compressed diametrically and were found to give ä 
large variation in breaking load on this instrument. " Consequently, 
another form of testing device was investigated, i. e. a Hounsfield 
tenscmeter incorporating a device which enabled it to be used in the 
compressive mode (see Fig. 2.4. ) The sample was held by tweezers 
between the plunger and bolt-head and the pressure applied manually 
until the sample was just held in position. The instrument was then 
switched on at a predetermined rate of compression and the sample- 
tested to fracture, with the breaking load being noted. 
2.8.2.1. Geometry of Test Specimens. 
In order to achieve the most consistency in the results of 
breaking load it proved necessary to investigate different geometries 
of test. specimen, since it was considered that the fracture results 
were very sensitive to geometry. Two basic geometries of disc- 
shaped specimen were used, i. e. one with and one without a central 
hole. 
(i) Solid-Disc Geometry Test Specimens. 
This proved unsatisfactory since the path of fracture in the 
specimens was too variable. Ideally the direction of fracture must 
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Test Specirnan 
Fig. 2.4. Comnrec^ive device for mechanical testing used 
in 
conjunction with Hounsficlc? Tensometer. 
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be parallel to that of compression and bisect the specimen for a valid 
analysis. Therefore, in order to promote fracture along this central 
axis a small notch was produced in the specimen by means of a rat-tail 
file in the direction of compression. This was further extended at 
its tip by means of a scalpel blade and an attempt was made to keep 
the geometry of the notch as uniform as possible by the use of an 
optical microscope at low magnification. There was still great 
variety . however, in the direction of the fracture paths in the test 
specimens and no results were therefore reported. 
(ii) Test Specimens consisting of a Disc with Central Hole. 
A hole whose diameter was a +, of that of the disc was drilled 
through its centre. This also proved variable in terms of the 
direction of the fracture line produced on testing and therefore a 
notch was introduced on the inside ring of the specimen, parallel to 
the direction of stress, by a scalpel blade. Samples with this latter 
geometry, when stressed parallel to the notch, fractured almost 
without exception in the same direction, bisecting the specimens. 
Although this'geometry of test specimen was the one adopted, it 
r 
proved to be the most difficult in terms of specimen preparation since 
many were destroyed during this process. ' 
A compression rate of 0.074 cm/sec was used for testing, which was 
the fastest available on the particular tensometer employed. 
Having covered the techniques used in the main subject areas, the 
following two sections of this chapter are devoted to work ancillary 
to the main theme of study. 
2.9. Density and X-ray Measurements. 
2.9.1. Density Measurements. 
This work was carried out for three main applications: - 
69 
A 
(1'j It was used with an aim to directly calibrate D. S. C. 
crystallisation traces with respect to density, i. e. to relate a 
specific area under a trace to a density and therefore a 
corresponding level of crystallinity. 
(2) In the case of dynamic studies for the increasing temperature 
mode in P. E. T. it was necessary that the polymer be amorphous in order 
to view crystallisation. This was attempted by quenching the polymer 
from the melt into liquid nitrogen. Density measurements were 
therefore required on the specimens to see if they corresponded to 
that of the amorphous material. 
(3) When a sample is isothermally crystallised on the D. S. C. there is 
instrumental swing as described in section 2.5.1. Initially, before 
the use of the more sophisticated thermocouple technique in the section 
just noted, samples were removed from the pans at different points on 
the initial part of the trace and quenched. in liquid nitrogen. 
Density measurements were then carried out to find where crystallisation 
actually started. The two techniques used for density measurement 
have already been described in section 1.4.4. Carbon tetrachloride 
and hexane were the liquids used for this particular study on P. E. T. 
Unfortunately the values of density' obtained proved to be low and 
this was found to be due to pores and cavities being inherent in the 
samples produced on the D. S. C. Consequently calibration of 
crystallisation peaks with respect to density was out of the question 
and only an indication of the density after quenching could be 
obtained, although it proved sufficiently low to imply that an 
amorphous polymer was produced. 
2.9.2. X-ray Diffraction. * 
This facility was used primarily to qualify the results obtained 
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by density measurements in the previous section. 
A'powdered sample was introduced into a short, tapprox 1") fine 
glass capillary tube and this was mounted by means of a small piece of 
plasticine onto the goniometer head of an X-ray machine. A telescopic 
sighting device was employed in order to get the position of the glass 
tube correct for when it was M. volved during the X-ray. Photographic 
film was introduced into the cylinder containing the sample and it was 
irradiated with a Newton-Victor Raymax 40kV 4OmA with a Nickel filter 
and Cuka. radiation. 
Although not affected by air pockets the results obtained by this 
technique are hard to interpret for the nearly amorphous polymer, since 
a diffuse halo was produced even in samples which are slightly 
crystalline. (See Appendix 3 for results. 
The final section in this chapter describes another technique which 
like density and X-ray measurements is ancillary to the work as a whole. 
2.10. Determination of Molecular Weight. 
Viscosity measurements were carried out on the B43 P. E. T. before and 
after extrusion blending to ascertain any changes in. molecular weight. 
The thin sheet form of P. E. T. was characterised previouslylb3. 
The molecular weight of the polymer samples was determined by a 
viscometric technique using an Ubbelohde suspended type viscometer. 
187 
The viscosity k9. ) of a liquid of density (d) is related to flow 
time (t) through a capillary by the equation: - 
V- Adt - Bd/t 
where A&B are constants for the viscometer and were found to be 
0.006528 and 9.4b66 respectively for the present work using carbon 
tetrachloride and hexane at 55°C. 
91 
A 1% solution of polymer was diluted in the viscometer to 0075%; 
0.5% and 0.25i'concentrations and the values of K' the 2nd virial 
coefficient and (7) the intrinsic viscosity were used for all the other 
solutions in the equation 
9J'sp/c = (i) + k' ('9)2c 
Km+a values for P. E. T. were taken from previous literature188 for the 
Mark-Houwink equation. (ý) = kmMa where km &a are constants for a 
particular polymer/solvent system and M is the molecular weight of the 
polymer. The results are shown in Chapter 3. 
I 
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3. Experimental Procedure and Results. 
This chapter is concerned with the actual experimental procedures 
carried out using the techniques described in the previous chapter and 
the corresponding results obtained by them. In many cases, the 
results only are presented since the procedure has already been 
adequately described in Chapter 2. 
The initial work, which was carried out on polypropylene, is first 
described, followed by that for P. F. T. Here the studies can be broken 
down into three main experimental areas: - 
(i) Preparation of an intimate mixture of the polymer and nucleating 
agent. 
(ii) Thermal Analysis. 
(iii) Morphological and Mechanical Studies on the thermally 
crystallised polymer. 
3.1. Preliminary Investigations on Polypropylene. 
After calibration as described in Section 2.5, the D. S. C. 1B was 
used to find the appropriate melting conditions for the polymer prior 
I 
to crystallisation. (See Section 2.3.1.1. ) 
Three temperatures, (440,450 & 460°K) all above the melting point 
of the polymer polypropylene were selected. 
The crystallisation isotherms for the base polymer after melting 
for 2 minutes at temperatures of 440°K and 450°K are shown in Fig-3.1 
and 3.2. No isotherms are presented for a melt temperature of 460°K 
for reasons mentioned in Chapter 4. 
Fig. 3.3" shows the crystallisation isotherms of the polymer melted 
at 4500K for varying lengths of time. Thus Pig. 3.1 and 3.2 show the 
variation of melting temperature for a fixed time interval while 
Fig. 3.3. varies the time of residence at a fixed melt temperature. 
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3.1.1. Calibration of the D. S. C. for the analysis of rates of 
Crystallisation. 
In this particular section studies carried out by Porter and 
Johnson189 on polypropylene were repeated. This involved the use of 
their own form of analysis for the comparison of techniques-as 
described below. 
Fig. 3.4. shows the plot of per cent crystallinity versus time for 
isothermally crystallised samples of polypropylene produced by using 
this method of analysis for different crystallisation temperatures. 
The degrees of crystallinity used in these plots were calculated 
from the equation 3.1.189 
% crystallinity = area (in2 x range kcal/sec) x 100 
- wt sample (gm) x HF(cal/gn x calibration 
3'' 
factor. 
where the calibration factor a area kin)2 x range 
_ 3.2 Hf x wt sample 
Hf being the heat of fusion and the areas in each case being 
those under the crystallisation and melting peaks respectively. 
Fig. 3.5 demonstrates the effect of time on the redu. ed 
crystallinity (fraction of the total crystallisation with respect 
to time) of the polymer, and by taking the slopes of these isotherms 
(i. e. rates ; ý/sec) and plotting their logarithms against the 
reciprocals of the crystallisation temperatures we arrive at Fig. 3.6. 
The activation energy for crystallisation (Ea) can be calculated from 
Equation 3.3"189 by taking the slope of the line in Fig. 3.6. 
log K= -EA 17 + InA x . 3O 
where log K represents the slope of the graph. 
R is the gas constant. 
In A is a constant. 
For this particular system (i. e. polypropylene) Fa was calculated 
as 25.22 Xca1s. 
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Fig. 3.4. Plot of 1)e ree of Cryst-11i. nity Vs. Time for 
polypropylene chip after heating at 450°K and then 
crystallising at different temperatures. 
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3.1.2. Influence of the methods of mixing the Polymer and Nucleating 
agent on the Crystallisation behaviour of Polypropylene. 
The three methods used are described in Section 2.3.1.2. and the 
crystallisation isotherms are shown separately for each method in 
Fig. 3.7,3.8 and 3.9. The figures represent the crystallisation 
isotherms of samples taken from different parts of the same mixture. 
Method 1 i. e. dry mixing by hand' was adopted as the method of 
mixing for reasons described in Chapter 4. Fig. 3.10 illustrates the 
effect of the nucleating agent sodium benzoate on the crystallisation 
behaviour of the polymer polypropylene at two different isothermal. 
crystallisation temperatures, after mixing in this manner. 
3.2. Investigations into the Crystallisation behaviour of P. E. T. 
Consequent work on P. E. T. was initiated after the definite 
nucleating effect had been achieved for polypropylene, thus confirming 
previous studies. tsee section 4.1.4. ) The polymer was converted 
into a finely divided form by a method described in Section 2.4.1. 
The temperature of melting for P. E. T. prior to isothermal 
crystallisation, unlike for many other polymers, is very important 
as it affects subsequent crystallisation behaviour159,160. 
Thus for reasons described previously in section 2.3.1.2. the 
appropriate conditions of melting must be ascertained prior to any 
valid studies of crystallisation behaviour being carried out. Since 
the rate'of crystallisation of the polymer dictates the shape of the 
isothermal peak produced by the D. S. C., it is clear that the slope of 
this peak will increase with increase in the crystallisation rate. 
Tangents were constructed at the point of intersection of the 
projected baseline and the crystallisation peak and the slopes of these 
were measured. Fig. 3-11 illustrates the influence of the melting 
ý_ 
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Pig. 3.7. Plot of Reduced Cr-ystallinity Vs. Time for polypropyleng 
mixed with 1f sodium benzoate by method 1; heated at-450 K 
and crystallised at 3.. 0°K. 
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mixed with 1;! sodium benzoate by method 2; heated at 450°K 
and crystallised at 390°K. 
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.o Time(sec --, o. Fig. 3.9. Plot of Reduced Crystallinity Vs. Time for polypropylene 
mixed with if sodium benzoate by method 3; heated at 450°K 
and crystallised at 390. 
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-temperature on this slope irate) for several different crystallisation 
temperatures while Fig. 3.12 demonstrates the effect of time at a 
fixed melting temperature on this parameter. Melting conditions of 
2 minutes at 550°K were adopted in any further work, for reasons 
discussed in Chapter 4. 
3.2.1. Cold-Crystallisation Studies. 
As described previously in Chapter 2, the D. S. C. lB may be 
operated in three different modes: - isothermal, increasing dynamic and 
decreasing dynamic. The results in this section were obtained by using 
the second method of the above to follow the influence of the additives 
on the crystallisation behaviour 
Igo 
of this polymer. In this method, 
the effect on the temperature of'Cold-crystallisation'117 of the 
amorphous P. E. T. (quenched in liquid nitrogen from the melt) was 
investigated. A nucleating effect was identified by a shift in the 
position of the 'Cold-crystallisation' peak temperature to a lower 
temperature. 
Prior to any crystallisation studies, a survey of the. possible 
nucleating agents for P. E. T. was carried out. Substances were 
selected for a variety of reasons which are shown in Table 3.1. 
Table 3.2 indicates the influence of these additives on the 
position of the cold-crystallisation temperature. In order to produce 
these results the samples of P. E. T. were first melted at 550oK for 
5 minutes and then quenched in liquid nitrogen to produce an amorphous 
polymer prior to crystallisation. Each sample was then heated at a 
programmed rate in the D. S. C. until the crystallisation peak had been 
produced (Range - 32m cal/sec, Scan speed - lb°C/min Chart speed 
30 in/hr). These conditions of scanning gave a convenient size of 
peak for purposes of measurement. 
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Fig. 3.11. Plot of Slope of D. S. C. trace Vs. Isothermal 
Crystallisation Temperature for P. E. T. film after heating 
at different temperatures. 
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Fig. 3.12. Plot of Slope of D. S. C. trace Vs. Time at a tem erature 
of 5500K for a crystallisation temperature of 480 K. 
105 
t A* 
Table 3.1 Materials selected for nucleation studies in P. E. T. 
Material. Reason for selection. 
Indigo Recommended by Karginlyl 
Alizarin 
Polyacrylonitrile High melting point polymers selected 
Polytetrafluoroethylene because they are of same species. 
Sodium Benzoate Good nucleating agents for 
Potassium Benzoate polypropylene. 12y, 192p 
Antimony Tetroxide Very similar crystal spacing to P. E, T. 
P. F. T. a-4.59 b-5.4 c- 10"'/5A''° 
Sb204 a-4.804 b-5.424 c- 11.16A0. 
Sodium Phosphate 
Lead Orthophosphate 
Lead Acetate 
Titanium Oxalate 
Sodium Succinate 
Talcum 
Lead Sulphide 
. 
Calcium Carbide 
Nickel Oxide 
Lead Fluoride 
Boron Nitride 
Sodium Stearate 
Possible affinity to ester linkag@ 
without chemical reaction. 
The most popular nucleating agent used 
for P. L. T. by previous workers. 158,1 bl , 193 
These inorganic salts have"a cubic lattice 
with a&b dimensions similar to those 
of P. E. T. 
Used in a German patent 
1y4 
4 
4 
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Table 3.2. The Effect of the proposed Nucleating Agents on the 
Cold-crystallisation temperature of P. E. T. 
-Material 
added and 
Concentration 
Average 
at ; east 
Tc( K) 
temperature from 
3 results 
Tp(°K) 
No Additive 404.7 416.8 
Indigo 2 410.0 420.3 
Polyacrylonitrile 2; ' 410.0 420.7 
A] izarin 2-2% 404.5 415.0 
P. T. F. E. 2 - 421.7 
Sodium Benzoate 1.35, 411-3 424.0 
Potassium Benzoate 2% - - 419.0 
Antimony Tetroxide 2'5i% 401'3 - 
Sodium Phosphate 1 %% 405.3 416.3 
Lead Orthophosphate 1% 405.3 417.0 
Lead Acetate 2% - 415.3 
Titanium Oxalate 2% - 422.3 
Sodium Succinate 2%% - 421.3 
Talcum 2% 399.3 - 
Nickel Oxide 2iß 408.0 41908 
Lead Sulphide 2% 393* 0 413.0 
Calcium Carbide 406.0 418.0 
Lead Fluoride 2% 39800 - 
Boron Nitride 2% 403.0 -i 
Note - These results are averages of at 
least 3 repeat 
measurements which in themselves vary by 
f1.50K 
of the average. Similarly for Table 3.3 
Table 3.3 Effect of Concentration of Additive on the 
Cold-Crystallisation Temperature. 
Material 
Lead Sulphide 
Concentration 
vrt. %) 
2; 
5c 
10jß 
15% 
107 
A 
Tc(OK) Tb(OK) 
393.0 413. 0 
391.6 411. 9 
390.3 411. 3 
389.6 408. 3 
Polyacrylonitrile 2< 
M- 
7 
15f 
410.0 
409.3 
40t3.0 
406.0 
420.7 
420.0 
419.3 
418.3 
Alizarin 0.7% 407.5 418.0 
2.2% 404.5 415.0 
4.01-' 403.0 413.5 
Indigo 1% 409.4 420.0 
2gß 410.0 420.3. 
3 410.0 421.5 
5iß 408* 4 419* 2 
10 410.4 421.8 
Sodium Benzoate 1.3; ' 411.3 424.0 
5.2 %% 410.0 49-3-5 
i 
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Tc` orresponds to the temperature at which crystallisation 
commences and Tp denotes the position of the peak maximum. 
The effect of the concentration of the additive on the cold- 
crystallisation temperature is shown in Table 3.3. The samples were- 
again heated under the conditions mentioned above. 
The next section deals with the crystallisation produceW using a 
programmed cooling rate from the melt and the subsequent effect of a 
nucleation agent on the temperature of the crystallisation peak. 
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3.2.2. Crystallisation under the Cooling Mode. 
When the D. S. C. 1B is used in the decreasing temperature mode there 
is a crystallisation peak produced, providing the polymer is cooled 
from above the melting point. Beck and Ledbetter195 used this fact" 
in order to compare the influence of nucleating agents on 
polypropylene by using Differential Thermal Analysis (D. T. A. ) In 
the present studies 10mg samples of P. E. T. containing various 
additives were weighed out in D. S. C. pans, melted and held at 550°K 
for 2 minutes and then cooled at a programmed rate of 16°C/min, a 
range setting of 32 meal/sec and a chart speed of 30 in/hr. on the 
D. S. C. The temperature at which the crystallisation peak occurs is 
shown in Table 3.4 and further results relating to the influence of 
different cooling rates on this temperature are shown in Table 3.5" 
Since it was apparent at this stage that neither heating nor 
cooling at a fixed rate shows any substantial nucleating effect with 
respect to the different additives, attention was now turned to 
crystallising the polymer under an isothermal mode of operation. ' 
3.2.3. Isothermal Crystallisation of P. E. T. 
Previous work carried out by Groeninckx161, using the D. S. C. 1B in 
the isothermal mode of operation had shown how inorganic oxides 
could be used as effective nucleating agents for P. E. T. A study was 
therefore undertaken to repeat this work to see if the same results 
i 
were obtainable. 
In the present studies 10mg samples of P. E. T. containing 0.5% 
concentrations of talc, titania and silica were weighed out in 
D. S. C. pans. These were heated at a temperature of 5500K for 
2 minutes and then isothe'mally crystallised on the D. S. C. 1B at a 
temperature of 07°K using a range setting of Bm cal/sec and chart 
110 
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Table 3.4 Crystallisation of P. E. T. at a pro armed Cooling Rate 
t1 6°C mi n 
Additive & 
Concentration kwt. 
No Additive 
Talc 
Indigo 
Lead Sulphide 
Antimony Tetroxide 
Boron Nitride 
Polyacrylonitrile 
Alizarin 
Lead Fluoride 
Lead Acetate 
Titanium Oxalate 
Sodium Succinate 
Polytetrafluoroethylene 
Nickel Oxide 
Potassium Benzoate 
Sodium Stearate 
20, 
24, 
2 
2- 
211, " 
% 
2% 
2% 
2 
2/0 
2ý 
21V 
2.8`1 
2;, 
Cooling Crystallisation 
'temperature 50 
Tp (a. v)°K 
±1" K 
492.0 
43.0 
492.0 
473.3 
492.0 
493.5 
482.0 
469.0 
4'(I. 0 
481.0 
473.0 
477.0 
477.6 
477.6 
480.6 
49b* O 
Table 3.5. The effect of cooling rate on the Crystallisation 
tenperature of "r. '-y. T. 
Additive & Crystallisation Teraperrature 
Concentration (Wt. ) (K Tp t 1.5 K 
Cool intro rate 
2°O min 4°C min 8°C min 16°C/min 
No Additive 505 500 495 492 
Antimony Tetroxide 2 504 49y 494 492 
Talc 2%%% 504 503 498 493 
Sodium Stearate 2 505 501 496 
Boron Nitride 2j, 505 501 496 493 
4 
4 
ý. 
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speed of 6O /hr. 
Before analysis could be carried out on the-resulting isotherms, the 
D. S. C. was calibrated w. r. t. the time to the start of crystallisation 
as described in Section 2.5.1. It was found that a time of about 
20 seconds elapsed between the onset of the green signal light and the 
correspondence of the temperatures in the calorimeter and the digital 
display (See Appendix 1). This means in physical terms that the 
sample has reached the desired crystallisation temperature. The 
crystallisation isotherms for the different samples are shown in 
Fig. 3.13. It is apparent that all three additives have a small but 
positive nucleating effect indicated by a displacement of their 
isotherm s to the left of the base polymer (i. e. an increased rate of 
crystallisation). This effect however, was not as pronounced as that 
obtained by Groeninckx for the same additives. Therefore the 
differences between the two investigations were examined. It was 
found that Groeninckx had employed a screw extruder for the blending 
of the additives with the polymer and also had used very fine particle 
sizes of the former. This contrasted with the method of dry mixing 
and relatively coarse particle size used so far in this work. 
Consequently methods of mixing in the melt'with a more refined particle 
size distribution were investigated. 
3.2.4" Investigation of the Mixing Techniques under Conditions of 
Melting. i 
Talc has already been mentioned previously in Table 3.1. as being a 
known nucleating agent for P. E. T. 
158'161 , 193 It was therefore 
adopted as the additive for studies of the comparison of different 
methods of blending. 
Formerly talc supplied by B. D. H. was used, but this was found to be 
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coarse and methods of reducing its particle size were impractical. ' 
Consequently talcs of very fine particle size and distribution were 
obtained from Compounding Ingredients Ltd. (the Mistron range). 
The specifications for these materials are shown in section 2.1.2 
part (v). 
The techniques of mixing which involve the melting of the polymer 
have been adequately described in section 2.4.2. and so no further 
details will be presented here. In the first instance melt blending 
was carried out in an Acenaphthene Vapour Bath. A range of talcs of 
different size gradings (see section 2.1.2. part 
(v) were used to 
compare vapour bath blending and dry mixing with respect 
to their 
influence on the isothermal crystallisation behaviour of the polymer. 
10mg samples of P. E. T. (B43) were heated at 550°K for 2 minutes 
and then isothermally crystallised on the D. S. C. at a temperature of 
503°x. The crystallisation isotherms for the dry-mix and vapour 
bath blends are shown in Figs. 3.14 and 3.15 respectively. 
A comparison of the effects of the various talcs on 
the cold- 
crystallisation temperature of the P. E. T. is shown. in Table 3.6. 
In this case the samples were heated at 550°K for 2 minutes and then 
quenched into liquid nitrogen to produce-an amorphous polymer. They 
were then heated at a programmed rate on the D. S. C. (Range setting - 
32 mcal/sec, scan speed - lb°C/min, chart speed - 30 in/hr. 
) 
The influence of the size and the size distribution of the talc on 
the cold-crystallisation temperature of the polymer is demonstrated 
in Fig. 3.16 where 1)J is an arbitrarily adopted particle size 
diameter. 
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Fig. 3.14. Plot of Fraction Crystallised Vs. Time for P. E. T. dry- 
mixed with different talcs after heating at 5500K and 
crystallising at 497°K. 
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Fig. 3.15. Plot of. Fraction Crystallised Vs. Time for P. 1S T. 
containing different talcs mixed in a vapour bath after 
heating at 550°K and crystallising at 503°K. 
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Table 3.6. The Cold-crystallisation temperature of P. E. T. containi 
talcs of different particle size distributions. 
Sample To TM °K (average) 
P. E. T. unfilled 405 422.5 ± 1.5°K 
It + 1% Mistron Super Frost 390.6 402.5 
+ 1% Mistron Vapor 393.8 407.2 
+ 1% Mistron 139 395.5 411.0 
it + 1% Sierra 75 399.0 415.0 
At this juncture, access was gained to a screw extruder at the 
Corporate Laboratory I. C. I. Runcorn, and all the following work 
described deals with the samples produced by this method of blending. 
This mixing technique incorporated both melting and shearing of the 
polymer blend and proved to be the most effective with regard to the 
nucleation studies carried out on the P. E. T. 
'3.3. The Mixing of the Polymer and Additive by Screw Extrusion. 
This technique has been previously described in Section 2.4.2. 
In view of the relatively large quantities of polymer required for 
this method of- blending, a quantity of fibre-grade P. E. T. (B43) was 
kindly supplied by I. C. I. Corporate Laboratory, Runcorn. 
Prior to any isothermal crystallisation studies being carried out, 
the melting conditions for the polymer to destroy the maximum number 
of potential nuclei for crystallisation had to be established for the 
new polymer. For convenience, the initial slope of the crystallisation 
isotherms was taken as described previously in section 3.2. Fig. 3.1'( 
shows the influence of the temperature of melting while Fig. 3.18 
shows the effect of time at this temperature on the initial slope. of 
the crystallisation isotheims. Once the melting conditions had been 
found for this system i. e. 580oJ for 2 minutes, (minimum rate at an 
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Fig. 3.1/. Plot of Slope of D. S. C. trace Vs. Temperature of Melting 
for P. E. T. (B. 43) crystallised at 5030K- 
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Fig. 3.18. Plot of Slope of D. S. C. trace Vs. Time at tem; erature 
of melting for P. E. T. (B43) crystallised at 5C0 K. 
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arbitrary temperature of isothermal crystallisation) other variables 
could now be investigated. 
Figs. 3.19,3.20 and 3.21 show the effect of the isothermal 
crystallisation temperature on the time for half-crystallisation (t-J) 
(established parameter for the comparison of crystallisation 
isotherms), for different rates of shear and various talc additives. 
Figs. 3.22 and 3.23 demonstrate the influence of shear rate on the tj 
values for B. D. H. and Mistron Super Frost talcs respectively. The ' 
final graph in this series Fig. 3.24 shows the effect of filler 
concentration k1listron Super Frost) on tz. 
It must be mentioned at this point that the previous set of graphs 
were all produced from results obtained by the computed method of 
analysis described in Section 2.5.2. 
A further batch of samples were prepared using the screw-extruder 
at this juncture. These incorporated a range of different classes of 
filler materials which were tried to see if any were effective 
nucleating agents when 'blended with the polymer by screw-extrusion. 
Unfortunately, -although coded the same, the 1343 P. E. T. of this second 
batch proved to be markedly different in its' crystallisation 
behaviour to that of the first batch and this point will be illuminated 
in Chapter 4. 
3-3-1. A Comparison of the two batches of B. 43 P. E. T. 
Initially a comparison was made of the rates of shear of the two 
batches of polymer for different screw speeds of the extruder. The 
shear rates were calculated by weijhing the extrudate after set lengths 
of time and substituting these values into the equation presented in 
Section 2.4.2.2. part (d). ' The results for both batches of polymer 
are shown in Fig. 3.25a. 
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Fig. 3.21. Plot of Time for Half-crystallisation Vs. Crystallisation 
Temperature for P. E. T. (B. 43) containing different talcs 
after extrusion at a screw speed of 80 r. p. m. 
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Fig. 3.22. Plot of Time for Half-crystallisation Vs. Screw Speed 
" of extruder for P. E. T. (B. 43) containing 1% B. D. H.. talc. 
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Fig. 3.23. Plot of Time for Half-crystallisation Vs. Screw speed of 
extruder for P. E. T. kB. 43) containing 1% Mistron Super 
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Prior to any isothermal crystallisation studies being carried out, 
the conditions of heating for the second batch of polymer were 
investigated. Fig. 3.25b snows plots of initial. slope irate) versus 
temperature of melting produced from measurements on a series of D. S. C. 
crystallisation traces. A temperature of 5630K for a time of 
2 minutes were the conditions of melting selected for the polymer of 
this second batch. 
Samples from both batches of polymer were isotnermally crystallised 
over a range of temperatures and the results of this treatment are 
shown graphically in Fig 3.26, where the crystallisation temperature 
is plotted against t2l. This allowed a. comparison of the 
crystallisation behaviour of the two to be mace. 
Viscosity measurements were also carried out on the two polymers to 
see if there were any differences in molecular weicht which mir: ht 
explain the differences in crystallisation. The technique of 
measurement is described in Section 2.10 and the molecular weights of 
a series of different samples from both batches are presented in 
Table 3.7. The measurements were carried out using o-chlorophenol 
at a temperature of. 55°c (, 9 = 1.9'( c. poise). 
3.3.2" Effect of the additives on the Isöthezmal Crystallisation 
behaviour of the P. ". T. 
Fig. 3.2'1 shows the effect of the different additives investigated 
on the value of t, while Fig. 3.23 deals specifically with the micas 
as additives. Fir;. 3.29, demonstrates the influence of the 
concentration of zinc steara. te coated talc (M istron ZSC) on the to 
value of the polymer crystallisation for a range of crystalli^ation 
temperatures. ' 
All the t4 values for the second batch calculated whether shown 
graphically or not, are presentea in Tabe 3.8. Unless otherwise 
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Fig. 3.26. Plot of Time for Half-crystallisation Vs. Crystallisation 
Temperature for the 1st and 2nd batches of P. E. T. f B43 )" (1st. batch heated at 580°K and 2nd at 5630K) 
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Table 3.7. Results from Viscosity measurements on the two batches of 
P. E. T. (B43) 
Sample Concentration Flow Time kSec) Molecular Weight. 
1st batch of P. E. T. " 9'( 420.3 24', 600 
not extruded. 
1st batch of P. E. T. " 97 394.0 20,100 
extruded 30 r. p. m. 
Ist batch of P. E. T. 
+ 11%B. D. H. Talc " 97; %% 396.9 20,600 
exI, ruueu ov r. y. m. 
1st batch of P. E. T. 
+ 1j Yistron vapor " 91% 39'("0 209700 
extruded 80 r. p. m. 
2nd batch P. E. T. " 9(iß 
+ 394.5 
+ 1% Sodium Benzoate "'/3% 35603 20,100 
extruded 80 r. p. m. "49% 319.8 
.2 4> 285.4 
2nd batch P. E. T. 
extruded 80 r. p. m. "9'/%' 408.8 23,000 
2nd batch P. E. T. 
+ 1% Z. S. C. Talc "y/ 395.1 20,800 
extruded 80 r. p. m. 
2nd batch of P. R. T. 
+ 1ß Phlogopite 
extruded 40 r. p. m. . 91% 390.8 20,100 
extruded 8.0 r. p. m. " y'/ice 404.0 22 , 300 
2nd batch P. B. T. 
+ 1% Boron Nitride " 91% 408.8 
23,000 
extruded 80 r. p. m. 
4 
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Fig. 3.2'1. Plot of Time for Half-crystallisation Vs. Crystallisation 
Temperature for P. E. T. (2nd batch B. 43) containing 
different additives. 
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Table 3.8. The Times for Half-crystallisation kt ) for the second 
batch of polymer (B43 P. ý,. T. ) containing additives. 
Temperature (m°K and t-ý, (sec) 
Additive T t'- T tw T tz T t2 
No additive 493 219 488 130 483 88 
11 Gilbertite 493 146 4,48 - 488 108 483 78 
1/o Muscovite 493 175 4h8 119 483 68. 
1, ý Biotite 493 173 495 151 483 50 488 108 
1% Damourite 498 229 493 159 488 96 483 55 
1% Hydrobiotite 493 193 488 110 483 '(1 
1ý Pyrophillite 498 1 1195 120 03 75 
1% Phlogopite 495 21 493 156 488 100 483 55 
1%ß Phlogopite 40 r. p. m. 493 108 488 64 483 49 
1% Kaolinite 40 r. p. m. 495 161 493 17 483 34 
60 r. p. m. 495 4 93 1 483 48 
It 80 r. p. m. 493 141 488 98 483 48 
1% Vermicullit10 r. n. m. 495 - 493 126 488 74 
to 60 r. p. m. 493 153 488 90 483 62 
it 80 r. p. m. 493 183 488 111 483 75 
0.25% Mistron Z. S. C. 503 223 4.98 103 495 74 493 54 
0.5% it 503 212 498 109 495 b8 493 51 
0.75; ' it 495 83 493 63 488 40 
1% "" 503 262 498 129 495 '14 493 65 
1% Boron-Nitride 503 154 495 65 493 40 
1%ß Antimony Tetroxide 498 226 495 135 493 71 
1% Activated Charcoal 495 145 493 111 488 67 
1% Calcium Oxide 503 215 498 137 493 63 
1% Silica 498 1'(6 493 98 483 64 
1% Lead Fluoride 498 2 50 488 60 
1% P. T. F. E. 498 215 495 137 493 '14 
1% Indigo 488 196 4'(8 69 473 45 
1% Sodium Stearate 505 1 (( 503 109 498 57 
1ö Sodium Benzoate 505 160 495 63 495 44 
a 
O 
t i 
)32 
lp 
stated the samples were extruded at a screw speed of 80 r. p. m. 
3-3-3- Verification of the Computer method of analysis. 
All the results from the blends produced by screw extrusion were 
processed by the computer4 as this provided a convenient method of 
analysis. A computer program kRUNGPD. S. C. ) wag in fact designed 
primarily to determine the value of the Avrami exponent and also to 
provide the information in a both printed and graphical form that 
enabled this parameter to be arrived at. Fig. 3.30ashows a typical 
graphical reproduction from the computer consisting of: - 
(1ý A computed version of the original D. S. C. trace. 
(ii) An integrated curve of (i) (S-shaped crystallisation 
isotherm) 
(iii) A log-log plot which provides the Avrami exponent. 
Before the program could be used however, its accuracy as compared 
with manual methods and the arbitrary range selected for the 
calculation of the Avrami exponent had to be verified by another method. 
A comparison of the results produced by the two different methods of 
area measurement ii. e. planimeter and. by computer) was made. The 
slopes of the log-log plots ki. e. Avrami exponent values) were 
calculated for each method using Least Squares Analysis and are shown 
below. 
Method of Area measurement. 
Planimeter 
Computed 
Slope kAvrami exponent) 
1.137 
1.96 
The results obtained by the computer and the planimeter are in 
quite close agreement and thus the former was adopted as the method of 
analysis because of its relative ease and efficiency. 
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In order to calculate the Avrami exponent, the program was written 
such that limits correspondin,, to the linear portion of the reduced 
crystallinity curves had to be inserted to produce a valid result. 
A selection of curves were examined and plausible limits 
representative of the linear portion were postulated. The, range 
between 20jo and 80`"' crystallisation was adopted since this invariably 
included the linear section of the curve applicable to the Avrami 
treatment. 
The computed results are shown in Table 3.9 for both batches of 
P. E. T. kB43). Unless otherwise stated all the samples were extruded 
at a screw speed of 80 r. p. m. The coefficient of determination will 
be commented on in Chapter 4. 
3.3.4" Influence of the Additives on the Cold-crystallisation 
temperature of P. E. T. (r 
This particular investigation was carried out in order to study the 
effects of additives on the crystallisation behaviour of the polymer 
at low temperatures. 
10mg samples frrm both the first and second batches of P. E. T. (343) 
were heated for 2 minutes at 530°K and 563°K rPSpectively. They were 
then quenched into liquid nitrogen and heated at a programmed rate of 
16°C/min, range 8 meal/sec and chart speed 60 in/hr on the D. S. C. 1B. 
Tables 3. I0, and 3. II demonstrate the influence of the additives on the 
i 
temperature of Cold-crystallisation for the two batches respectively. 
Once a definite nucleating effect on the polymer had been 
established, a study on its influence with respect to morphology was 
carried out. 
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Table 3.9 Results of the Computer analysis of the isothermal 
crystallisation traces of the two batches of P. E. T. (ß43). 
Additive Isothermal Intercept Coeff. of Avremi 
crystnb Determination Exponent. 
temp ( K) 
Base 493 -11.54215 1.00172 2.210 Polymer - no 488 - 4.82683 1.00000 ; 2.210 
additive 483 -10.13801 1.00078 2.181 2nd batch. 
1% Gilbertite - 493 -10.15995 1"00012 2.214 2nd batch P. E. T. 488 -10.53204 1.00014 2.225 433 - 8.40111 1.00041 2.0'( 8 
Muscovite - 493 -11.030'(5 1"QC'058 2.309 
2nd batch P. E. T. 468 - 9.46211 1.00022 2.183 
483 - 8.80405 1.00116 2.331 
1% Biotite - 495 -11.38904 1.00047 2.28'/ 2nd batch P. E. T. 493 -11.00481 1.00091 2.264 
488 - 9.64494 1.00051 2.227 
483 - 8.81360 1.00002 2.308 
1% Damourite- 493 -11-19680 1.00032 2.322 
2nd batch P. F. T. 488 -10.22981 1.00014 . 2-342 
483 - 8.83413 ý1.0C004 
2.291 
1; % Hydrobiotite- 493 -11.12135 1.00043 
2.209 
2nd batch P. E. T. 488 - 9.09556 1.00020 2.245 .' 483 - 9.21343 1.00005 2.033 
1j Pyrophillite 
2nd batch P. L. T. 498 - 9.48807 1.00148 
2.381 
1% Phlocyopite 48F, - 8.65599 1.00002 
2.240 
40 r. p. m. - 483 - 9.51966 1.00103 
2.165 
2nd batch P. E. T. 
1% Phlogopite 495 -11.122'(4 1.00108 2-177 
80 r. p. m. - 493 -10.26807 10)0030 2.135 2nd batch P. E. T. 488 - 9-'04,12b 1.00004 2.083 
483 - 7-42590 1.00009 2.00'/ 
1% Kadinite 495 -10.68547 1.00104 2.213 
40 r. p. m. 493 - y"8405 1.00C81 2.159 
2nd batch P. E. T. 483 - 7-55933 1.00095 2.116 
1% Kaolinite 495 -11.621'(8 1.00210 2.326 60 r. p. m. 493 - 8.48'/'/ 3 1.00009 29315 
2nd batch P. E. T. 488 - 8.92330 1.00016 2.138 
483 - 9.30254 1.00006 2 21'( 
ý' 
,t 
1 136 
A 
Table 3.9_ (continued 
Additive Isothermal 
crystn. 
temp. °K 
Intercept Coeff. of 
Determination 
Avrami 
Exponent 
1% Talc 503 -10.25526 1.00530 
'2.020 
tMistron 139) 49t' -10.63802 1.00161 
2.365 
30 r. p. m. - 493 - ts"69002 
1.00084 2.325 
1st batch P. E. T. 
1ö Talc 503 -10.8079b 1.00022 2.413 
kMistron Super Frost) 498 - 8.63822 1.0022 
2.201 
60 rpm. 1 st batch F. E. T. 495 - b" 31324 1.00134 2-332 
1ý, Talc 503 -11.43212 1.0C003 
2.418 
k1listron Vapour) 498 - 9.81177 1.00044 2.431 
60 r. p. m. 495 - 8-75988 1.002 68 
2.413 
1st batch P. L. T. 
1%% Talc 503 -11-5/4b68 1.00055 
2.451 
(Mistron 139) 60 rpm. 498 -10-01'466 1.00076 2.413 
1st batch P.! -,. T. 495 - P93440 1.00100 
2.1t$3 
1%% Talc 503 -12-1146: ' 1.00036 2.705 
(BDH) 60 r. p. m. 498 -10.07693 1.0;. 053 2.513 
1st batch P. E. T. 495 - 8.5b853 1007'/'( 
2' 335 
1°% Talc 503 -11.02952 1.0,0034 
2.388 
(Mistron Super A98 - 9"'0936 1.00198 8 . 
2.415 
29643 
Frost) 80 r. p. m. 195 - 9'85741 1 0100 
1st batch P. T:. T. 
1;, -, Talc 498 - 
ä. 'j'('/10 1.00155 2.152 
(Kistron vapor) 495 -. 6-65195 1.00016 
80 r. p. ri. - 
1st batch P. E. T. 
1I Talc 498 - 9.6'(003 1.0021'( 
2.430 
(r'istron 139) 80 rpm. 495 - 9.41675 1.00860 
2.572 
1st batch P. I'. T. 
1% Talc 495 -10.477 53 1.00367 2.405 ' 
(Sierra 75) 80 rpm. 493 - 8.90229 1.00392 
2.22 ( 
1st batch P. F. T. 488 - 9.13362 1.032/3 
2'17( 
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Table 3.9 (continued) 
Additive Isothermal Intercept Coeff. of Avremi 
crystn . Determination 
hyponent. 
ý c temp. OR 
1ýY. a Lnite 4513 -1191815 1.00042 29312 
80 r. p. m. - 488 -10.16923 1.00037 
2.108 
2nd batch P. E. T. 483 - d"20426 1.00114 
2.221 
1 Vermnicullite 495 -10.86203 1 "00050 2.239 
40 r. p. m. - 493 - 9" 49054 
1.00055 2.113 
2nd batch P. E. T. 4R - 8.6'(102 1.00016 2.133 
1% Vermicu11ite 493 -11.13469 . 1-00243 2.346 60 r.. p. m. - 488 - 8.82166 1.00082 
2.092 
2nd batch P. F. T. 483 - 8.57106 1. OC02 5 2.230 
1 ý, Vermicullite 493 - 6.452'( 1.12221 2.185 
80 r. p. m. - 408 -10"'43423 1.0CC059 
2.210 
2nd batch P. !:. T. 483 - ,?. 
41236 1.00017 2.093 
0.25; ' Talc 503 -12.45305 1.000t! b 2.445 
(1iistron 7jSC? - 4518 -10.06141 1.0001 is 
2.333 
2nd batch P. E. T. 495 - ý" ( 89519 1. CC045 2.410 493 - 8.02211 1.00230 2.131 
0.5io' Talc 503 -11.6,7036 1.00008 ' 
2.412 
(Mistron "SC) - 498 - 9.95254 1.00040 
2.284 
2nd batch P. E. T. 495 - 8.319/8 1.00346 
2.122 
493 - 7.92228 1.05298 
2.121 
0075% Talc 495 - 9.04853 1" CCC31 ' 
2.345 
2-69 (Mistron 25C) - 493 -10"75596 ( 1.0001 
2nd batch F. E. T. 488 - 9-45528 1.00035 
1% Talc 503 -11.4b815 1.00001 
2.248 
(Mistron ? ^C) 498 -10.3810"; 1.00041 
2.2-(4 
2nd batch P. L. T. 495 - 9.50479 1.00164 
2.379 
493 -0 13216 1-00125 1.97 7 
1% Boron Nitride 503 -10.08072 1.00147 
2.116 
- 2n; 1 batch P. i!;. T. 495 - 7" o2'jq( 
1.00175 2.074 
4(3 - `7.16405 1.01103 
1`' 019 
1ö Antimony 498 -13.12029 1.0,0105 
2.620 
Tetroxide - 495 -11.35448 
1. OCCOS 2-474 
2nd batch P. 'a. T. 4513 _ 10.7,6156 1.0: 008 
2.3A'( 
1; ' Activated 495 -12.31580 
1.010010 2.625 
Charcoal - 493 -11.01267 
1.00(03 2.511 
2nd batch P. h. T. 4B 3 - 8.221 67 1.00089 
2.17 8 
a 
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Table 3.9 (continued 
Additive Isothermal 
cryßtn. 
temp. of 
Intercept Coeff. of 
Detemination. 
Avrami 
F.. xponent. 
1% Calcium oxide 503 -11.00664 1.00014 
2". 398 
-2nd batch P. L. T. 49 J -10. M584 1.00047 
2.501 
493 - 9" 85'145 1.0(; 032 2.501 
1% Silica - 498 -12.20254 1.00065 
2.528 
2nd batch P. Is. T. 493 - 9.68400 1.00005 
2.293 
483 - 8-57305 1.00011 2-266 
1 ýfO Lead Fluoride 498 -12.04682 1.0000'( 
- 2nd batch P. L. T. 41b - 8.4((53 1. OC04 
8 
1; " P. T. F. E. - 4y8 -10.2 3974 1.002 07 
2nd batch P. L. T. 495 8.80853 1-01938 
493 - 8.85611 1.0111'( 
1 Indigo - 488 -12.15496 1.00015 
2nd batch P. L. T. 4'(U -10.091'(0 1"0000'f 
413 - 5.81 b15 1.0L 090 
1 Sodium 505 - 9.11330 1.00521 
Stearate - 503 - 8.21528 1.016b7 2nd batch P. E. T. 498 - 6.88576 1.00106 
1-/ý Sodium 505 - 8.98131 1.00314 
Benzoate - 498 - 8.45456 1.00161 
2nd batch P.;;. T. 495 - 6- "8152 1.01325 
Base Polymer - 498 -11.56952 1.00009 
no additive - 495 -10.29842 2.0CC099 
1st batch 30 r. p. m. 493 - 9'65546 1.001'14 
Base Polymer - 498 -10.61125 1.00018 
no additive - 495 - 9120749 
1.00012 
80 r. p. m. - 493 - 9.14670 1.00176 Ist batch P. E. T. 
1% Talc 503 -13.13014 1.00019 
(; olistrori Vapor) 500 -11 "'(2'114 
1.00009 
30 r. p. m. - 498 -11.20541 
1.00239 
1st batch P. E. T. 
1% Talc 503 -13.32335 1.00099 
(B. D. H. ) 30 r. p. m. - 498 -10.44618 1.0006'( 1st batch P. F. T. 495 - 9-11163 1.02455 
4 
2.424 
2.258 
2.356 
2.180 
2.288 
2.378 
2.355 
2.211 
1.981 
1.916 
1.851 
2.054 
1.914 
1.850. 
2.405 
2.285 
2.313 
2.287 
2.104 
2.261 
2.540 
2.514 
2.448 
2"b69 
2.580 
2.498 
+ '3 
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Table 3.10 Influence of various tales on the Temperature of 
Cold- c ; ystO lisn-`. ion of the. fi. r, -t batch Of 1'. h;. T. (B43 
) 
Additive, Concentn-Ation and Screw 
Speed of Ebtrizder (r. p. m. ) 
Cold-cr,,; sta. llisation Temp 
0 
Te Tp 
No additive 30 r. p. m. 
1,, p.: istron Super Frost 30 r. p. m. 
1%P: `. istron Vapor 30 r. P. m. 
11'% Mistron 139 30 r. p. m. 
1i Mistron Super Frost 60 r. p. m. 
1/'Listron Vapor 60 r. p. m. 
1% Vistron 139 60 r. p. m. 
1% B. D. H. bn r. p. m. 
1°, Mistron Super Frost 80 r. p. m. 
t'istr_on vapor 80 r. p. m. 
1' Mistron 139 ts0 r. p. m. 
1% Sierra Y5 80 r. p. m. 
No additive 80 r. p. m. 
1% B. D. H. 30 r"p. m. 
1 B. D. H. 80 r. p. m. 
1% B. D. H. 100 r. p. m. 
0.25°' b: istron Super Frost 60 r. p. m. 
0.5% Mistron Super Frost 60 r. p. m. 
0.75i% Mistron Super Frost 80 r. p. m. 
393 403 
390 401 
39'1_ 402 
393 403 
X1-)2 402 
388 398 
386 396 
386 398 
389 399 
3U9 399 
389 398 
390 400 
395 ° 405 
389 400 
3bR 398 
390 400 
390 400 
392 402 
390 400 
0 
i 
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Table 3.11. The Influence of the different additives on the 
Cold-Crystallisation temperature of the second batch of P. E. T. 
Additive, Concentration and Screw Cold-crystallisation Temp. t0K) 
Speed of Extruder (OK) Tc ýp 
No additive 80 r. p. m. 401 411 
1glc Gilbertite ö0 r. p. m. 394 403 
1"f 1,11uscovite 80 r. P. m. 393 404 
1 Biotite 60 r. p. m. 3y3 402 
1 ý, D? mourt e 80 r. p. m. 394 403 
1 Hydrobiotite 80 r. n. m. 3yb 406 
1ö Pyrophillite 80 r. p. m. 
391 401 
1% Phlogopite d0 r. p. m. 398 408 
,º 40 
406 
Kaolinite 40 r. P. m. 393 401 
ºº 60 r. p. m. 395 405 
it 80 r. P. m. 394 404 
1 Vermicul1 ite 40 r, 1). i"-. 393 403 
ºº 60 r. p. Tn 394 . 403 
ºý 60 r. n. m. 392 402 
0.25; " IIistron ZSC Talc 80 r.. n. n. 394 403 
0It  80 r. P. m. 388 398 
0.5ýo it 80 r. p. m. 388 400 
1>" 11 º, "" 80 r. p. m. 390 400 
1% Boron Nitride 8C r. p. m. 386 3`)b 
1% Antimony Tetroxide 80 r. p. Tn. 395 406 
1j ctivsted Charcoal 80 r. p. m. 39b 
406 
.1 Calcium Oxide 80 r. p. ra. . 391 
399 
1 Silica 80 r. p. m. 390 401 402 1% Lead Fluoride 60 r. p. m. 394 
1% P. T. F. E. 60 r. r. m. 391 401 
1% Indigo 80 r. 1". T,,. 397 ßr06' 
1 Sodium Stearate 80 r. p. m. 376 
38b 
1 C' Sodium Benzoate 80 . r. p. m. 
3'j'/ - 388 
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3.4" Morphological Studies of the C'rýrJsta. lli^Fd P. L. T. 
The techniques of n? In-r)1 enr. ýr rrati^n for the norrholorricr. 1 studies 
carried out on the poly-mer in the crygtra. llised for i have been 
adequately described in Chapter 2. Consequently all the details 
concerning; the preparation of crecimens prior to examination under the 
transmission and scanning electron microscope$ hn ve been included with 
each individual micr_ot! "r ap'h. The-, e are Trespnted in the fo'! lcwinC 
paces. 
3.5. LIechanica l 'nestinJý of 'ýryst : ýliesd ;, ýmnles. 
Several di''ferent techniques of testin 7 were attempted, as dercribed 
in Section 2.8. However, only the results obtained usLn; - the adopted 
testing procedure i. e. (Section 2. e. 2.1 (ii) will be reported here. 
Fir;. 3.30 denonstrates the influence of the extrusion shear rate 
(measured in terms of the screw speed of the extruder) on the 
breaking load per unit thickness of various test specirn ns filled, with 
the different talcs. Fig-3-31 shows the effect of the concentration 
of one talc (Tilistron Super. Frost) on the same property. 
'The final 
graph Fib. 3.32 illustrates the influence of the isothermal 
crystallisation temperature on the breakin, load of the polymer and 
includes results for samples of P. L. T. from both batches. 
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Plate 3.1. P. E. T. crystallised at 493°K. Etched in a050 
aqueous solution of sodium hydroxide at 110 C 
for 5 min. N! ag. X30,000. (replica) 
i. 
Uýý 
. 
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Plate 3.2. P. E. T. crystallised at 4930K. Ltched in a 22ND 
aqueous solution of potassium hydroxide at 50 C 
for 1 hr. Mag . X'/ , 500 (replica) 
'Jim 
"ý' 
I, 
/. ýI 
fl y 
I,. 
/`i ý7 
!ý 
7Lý 
142 
Id- 
143 
. 0, 
Plate 3.3. P. E. T. crystallised at 493°K. 
for 5 hrs. Mag. X20,000. 
Plate 3.4. P. E. T. crystallised at 4930K. 
for 5 hrs. Mag. X80 1OCO. 
Etched in propylamine 
(replica) 
Etched with propylamine 
(replica) 
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Plate 3-5. P. E. T. heat crystallised at 180 C for 20 mins. Powder 
ground and hydrolysed at 1 bn°C for 5 hrs. and then 
extracted by ethanol at Iy C. Map. X20,000. 
Plate 3. b. Electron diffraction pattern of crystal shown in 
Plate 3.5. 
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Plate 3.1. P.? i:. T. (E43 1st batch). Heated at 5do0K for 2 min. 
and0crystallised at 4y3°K. Sample hydrolysed at 
160 C for. 3 hrs. Map. X100,000. (replica) 
Plate 3.8. P. E. T. (B43 1gt batch) containing 1% talc (B. D. H. ) 
Heated at 580 K for 2 min. and crystallised at 
493°K. sample hydrolysed at 1bO C for 3 hrs. 
Mag. X100,000. (replica) 
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Plate 3.9. P. F. T. (B. 43 2nd batch). Heated at 5b3°K for. 2 min. 
and crystallised at 493°K. Hydrolysed fracture 
surface. Mau,. X3,000 (replica) 
Plate 3.10. Crystalline products formed during the hydrolysis of 
crystallised P. ] . 'P. P'. ar. X30,000 
(replica) 
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Plate 3.11. Crystalline products formed during the hydrolysis of 
crystallised P. E. T. Mag. X30,000 (replica) 
Plate 3.12. Crystalline products formed during the hydrolysis 
of crystallised P. };. T. Miag. X30,000 (replica) 
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Plate 3.13. P. E. T. (B43 2nd batch). Heated at 5b5°K for 2 min. 
and crystallised at 4y3°K. MAar. X80,000 kreplica) 
Plate 3.14. P. E. T. (B43 2nd batch), containing 1j,, talc (Mistron ZSC) 
Heated at 5b3°K for 2 min. and crystallised at 493°K. 
M. 1., 0, -. X60 '000 (replica) 
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Plate 3.15. P. F. T. (B43 2nd batch) containing 1; -t indigo. 
Heated at 5b3°K for 2 min. and crystallised at 493" 
Mae. X80,000. k repl ica ) 
Plate 3.1b. P. E. T. ýB43 2nd batch) containing 1"' boron nitride. 
Heated at 563°K for 2 min. and crystallised at 4930K- 
Mag. : 080,000. (replica) 
50 
Plate 3-11. P. E. T. (B43 2nd batch) containing 1%r sodium stearate. 
Heated at 5b3°K for 2 min. and crystallised at 493°K. 
Mag. X80,000 (replica) 
Plate 3.1w. P. E. T. (B43 2nd batch) Heated at 563°K for 2 min. 
and crystallised at 4y30K. Section cut on freezing 
ultramicrotome. Mae. X80 , 0(; 0 
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Plate 3.19. P..,. T. (B43 1st batch). Heated at 560°K for 2 min. 
and crystallised at 493°K. Sample hydrolysed at 
160 °C for 3 hrs. Scanning Llectron Micromraph 
Plate 3.20. Fracture surface of P. E. T. (B43 1st batch). Heated 
at 580°K for 2 min. and crystýi11ised at 503°K ýc;. j ") 
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Plate 3.21. Fracture surface of P. E. T. (B43 1st batch) containing 
1% talc (h. D. H. ) Heated at 5800K for 2 mnin. and 
crystallised at 503°K. S. E. M. k) 
Plate 3.22. Fracture surface of P. F. T. kB43 1st. batch) Heated 
at NO K for 2 min. and crystallised at 493° kS. E. M. 
) 
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Plate 3.23. Fracture surface of P. L. T. kB43 1st batch). Heated 
at 580 for 2 min. and crystallised at 493°K (S"E. M" 
VAA99d 
olll, 
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Plate 3.24. Fracture surface of P. F. T. (B43 1st batch) contakning 
0.5' talc (t; ýistron Super Frost). Heated at 580-K 
for 2 min. and crystalli ed at 493°K (s. E. M. ) 
S4 
Plate 3.25- Fracture surface of P. L:. T. (B43 1st batch) containing 
1 
.' talc (Mistron Super Frost). 
Heated at 5b0 
0K 
for 2 min. and crystal 1 iged at 4y3°K (S. E. M. ) 
Plate 3.2b. Fracture surface of P. F. T. (E43 2nd batch). Heated 
at 5b3°K for 2 min. and crystallised at 4930K (S. E. M. ) 
I 
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Plate 3.2'1. Fracture surface of P. E. T. (B43 2nd batch) containing 
1°' talc (h: istron ZSC). Heated at 5b30 K for 2 min. 
and crystallised at 493°K" (S- 1-M- ) 
Plate 3.28. Fracture surface of P. E. T. (B43 2nd batch) containing 
1, -' boron nitride. Heated at 5b5"K for 2 min. and 
crystallised at 493°K. (S. K. M. ) 
156 
r 
Plate 3.29. Fracture surface of P. I;. T. (B43 2nd batch) containing 
11ý sodium benzoate. Heated at 5b30K for 2 min. and 
crvstpllised at 493°K. (3. L.. M. 
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Pig. 3.30" Plot of Breaking Load Vs. Screw Speed öf the extruder 
for P. E. T. (B. 43 1st. batch) containing different talc 
additives at a crystallisation temperature of 4930K- 
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Fig. 3.31. Plot of Breaking Load Vs. Concentration of talc for 
P. E. T. (B43 1st batch) crystallised at 4930K. 
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Fig. 3.32. Plot of Breaking Load Vs. Crystallisation temperature 
for P. B. T. (1st. ýc 2nd. batch B43) containing different 
additives. " 
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4. Discussion. ýý .. 
Since a number of techniques have been used in the present studies, 
the presentation has been divided for convenience into three main 
sections. 
The first section, as in the previous chapter, is associated with 
the crystallisation of the polymers polypropylene and polyethylene 
terephthalate using the D. S. C. 1B. The second section is concerned 
with the morphological study of P. E. T. after crystallisation by the 
use of both transmission and scanning electron microscopy and the 
third part deals with the mechanical properties and their relation to 
the morphology of the crystallised polymer. 
In addition, discussion of a few miscellaneous topics such as 
viscosity and X-ray studies on P. E. T. and the particle size grading 
of various fillers is included. 
4.1. Preliminary Investigations on Polypropylene. 
These involved the establishment of melting conditions for the 
polymer appropriate for carrying out subsequent crystallisation 
measurements; of suitable methods for mixing the, additives with the 
polymer and the use of the D. S. C. to follow its crystallisation 
behaviour after blending. 
4.1.1. The Melting Conditions prior to Crystallisation. 
As jnentioned earlier, a study was made of the influence of the 
temperature of melting and the residence time on the crystallisation 
rate, in order to isolate the effects of additives on the 
crystallisation behaviour of the polymer. 
Previous workers have observed that the temperature to which the 
molten polymer is raised'prior to crystallisation may be an Important 
factor in determining subsequent behaviour. 
151 + 159 r 196 P1 y'/ 
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Figs. 3.1 and 3.2 show the crystallisation isotherms for polypropylene-- 
at melt temperatures of 440°K and 450°K respectively for a time of two 
minutes. A melting temperature of 4400K appears to produce. an 
increased rate of crystallisation over that of 450°K. This could 
indicate either the presence of undestroyed crystallites or otherwise 
of seeds of negligible volume still present in the melt, as suggested 
by Sharples et al. 
151 As previously mentioned in Chapter 2a melt 
temperature of 460°K produced brown discoloration of the polymer 
indicating degradation, which may create nuclei for crystallisation. 
Consequently a melt temperature of 450°K was selected for a study of 
the influence of additives on the crystallisation behaviour of this 
particular polymer. The residence time at the temperature of melting 
must also be considered and the effect of this variable is demonstrated 
in Fig. 3.3. It is apparent from Fig. 3.3. that the period of 
residence at the melting temperature is not important within the time 
scale investigated (in this Figure) with regard to the isothermal 
crystallisation of the polymer. This suggests that either no 
heterogeneous nuclei remain or that a minimum number are obtained. 
The observation is in agreement with the results of other workers in 
the field 198,193 Extended time at the melt temperature (30 mins. ) 
can in fact have a deleterious effect on the polymer by producing 
degradation, as indicated by a brown discoloration. An arbitary 
period of 2 mins. at the melt temperature was therefore selected for 
all further work on this polymer. 
4.1.2. Method for the Analysis of Isothermal Crystallisation Rates on 
the D. S. C. 
The technique of D. S. C. and the analysis of the results it produces 
have been adequately described in Section 3.1.1. Fig 3.4. shows 
4 
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the values of crystallinity as calculated from equation 3.1. 
" 
It is apparent that the greater the degree of supercooling the 
higher the level of crystallinity produced at equilibrium. . -This is 
due to the fact that the number of crystallisation centres shows on 
approximately stepwise dependence kincreasing) on the degree of 
supercooling200 so that the level of crystallinity also increases. 
A possible cause of this is the presence of small amounts of different 
types of nucleating species becoming active at different degrees of 
supercooling. 201 The degree of crystallinity is dependent on the 
number of crystallisation centres and increases down to the temperature 
of maximum crystallisation. Below this temperature, growth is the 
process which predominates and nucleation becomes less important. 
Consequently the degree of crystallinity decreases. 
In Fig. 3.5 the cumulative crystallisation curves for the polymer, 
calculated from the same D. S. C. isothermal traces as for Fig. 3.4 
are illustrated. The logarithmic plot shown in Fig. 3.6 was 
produced from these crystallisation isotherms by the method described 
in Section 3.1.1. Despite possible differences . 
in molecular weight 
between the polymer used in this study and that used by Porter and 
Johnson189, a similar activation energy was obtained, i. e. 25.0 K. cals 
as compared with 21.4 K cals. for the latter. An increase in the 
molecular weight produces a decrease in the rate of crystallisation 
of a polymer. 158 The method of preparation of the polymer is also 
important since catalyst residues have been suggested by some 
workersl43-14'! to be responsible for heterogeneous nucleation in 
polypropylene and could therefore affect its crystallisation 
behaviour. 
. 1i 
162 
4.1.3. Examination of the Techniques for Mixing the Nucleating 
Agent with the Polymer. 
Since- this particular work was carried out primarily to establish 
a technique of mixing for polypropylene, an already recognised. 
effective nucleating agent was used for blending with the polymer, 
sodium benzoate. 129. The probable reason for its effectiveness has 
been mentioned previously in Section 1.5.3. This agent was used 
primarily since it was considered that it would tend to maximise the 
difference in the crystallisation rates between the pure and the 
nucleated polymer and thereby make any differences in the efficiency 
of the mixing methods more apparent. 
Figs 3.7 9 3.8 and 3.9 depict the crystallisation isotherms 
for 
each of the three methods of mixing described in Section 2.3.1.2, 
respectively under the same conditions of melting and crystallisation. 
Several samples were taken for crystallisation studies frdm each 
separate blend in order to get a more representative idea as to the 
degree of mixing obtained in each case. Although the range of spread 
of the crystallisation isotherms betweer any of the figures is not 
substantial, Fig. 3.7 kMethod 1) appears to show the least variation. 
A possiole reason for this is that the other two methods may cause 
segregation due to the differences in density between the polymer and 
the additive: - In method 2, by virtue of the centrifugal effect of 
the coffee grinder, and in method 3, by the additive either settling 
or floating in solution. Method 1, although the most simple in ' 
practical terms probably minimises the possibility of segregation and 
was consequently the technique of mixing adopted. Unfortunately 
optical microscopy proved impractical in confirming the theory of 
segregation proposed. 
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4.1.4. The Nucleation of Polypropylene by the addition of Sodium 
Benzoate. 
Method 1 of dry mixing (Section 2.3.1.2) was used to study the 
nucleating effect of sodium benzoate on polypropylene. Fig. 3.10. _ 
shows the crystallisation isotherms of the pure and nucleated 
polymer for temperatures of 3bO°K and 390°K. It can be seen that 
there is an increase in the crystallisation rate of the nucleated 
sample relative to that of the pure polymer at both temperatures. 
However, the magnitude of effect is much less than that obtained by 
previous workers for the same system12y' 
202, 
although the nucleating 
agent appears to be more effective at the higher crystallisation 
temperature (390°K) than the lower one. This is probably due to the 
fact that at higher crystallisation temperatures the homogeneous rate 
of crystallisation decreases and consequently the influence of 
heterogeneities is more pronounced. The difference between the 
crystallisation rates of the pure and nucleated polymer at the lower 
crystallisation temperature is correspondingly less than that at the 
higher. This behaviour has been noted'for P. E. T. containing talc 
as the nucleating agent158 but the author was not aware of this at 
the time of this experiment. 
Summarising, it can be seen that the work on polypropylene 
established a technique for the mixing of the polymer and additive 
and also provided experience of a method of thermal analysis, using 
the D. -S. C. for the direct measurement of the influence of nucleating 
agents on the crystallisation behaviour of polymers. 
4.2. The Investigation of the Crystallisation behaviour of P. E. T. 
It was found impractical to prepare the polymer P. F. T. in a 
suitable form for mixing and for further crystallisation studies, 
by the precipitation technique used for polypropylene. This was due 
to the fact that although P. E. T. can be dissolved in ortho-chlorophenol 
I 
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and a few other somewhat corrosive solvents such as trichloracetio 
acid, the very nature of these chemicals renders them impractical as 
solvents since they all have relatively high boiling points and-are 
consequently quite difficult to remove from the polymer. If left in 
the polymer these agents could quite conceivably act in a nucleating 
capacity. For this reason crystallisation and mechanical grinding 
of the polymer was carried out as described in Section 2.4.1. This 
technique was more straightforward and minimised the risk of 
contaminating the polymer. 
The optimum conditions for the elimination of intrinsic polymer 
variables from the P. E. T. were found by a method of analysis which 
involved measuring the initial slopes of the D. S. C. traces for 
isothermal crystallisation, as described in Section 3.2. Fig. 3.11 
demonstrates the influence of the temperature of melting on the 
-subsequent crystallisation behaviour. It can be seen that a 
temperature of 550°K and a residence time of 2 mins. produces a 
minimum rate of crystallisation, compared to the other two temperatures, 
over the range-of crystallisation temperatures investigated. The 
two other temperatures of melting selected, 54001C and 560°K, gave 
higher rates of crystallisation for probably different reasons. 
Presumably 5400K is not a sufficiently high temperature to destroy 
possible heterogeneous nuclei whereas 560°K is too high and could 
feasibly give rise to degradation of the polymer, thereby producing 
new nuclei for crystallisation. 
The convergence of the graphs for the different melting; 
temperatures is probably due to similar reasons to those mentioned 
in the previous section, i. e. heterogeneous nuclei are relatively 
less effective at higher tempcratures of crystallisation. 
I 
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The influence of the time of residence at the melting 
temperature 1550°x) on the crystallisation behaviour of the polymer 
is demonstrated by Fig. 3.12. It is apparent that the time of 
residence is not of great importance up to 20 mins. as found similarly 
for polypropylene. A time of 2 mins. was therefore deemed 
sufficient to destroy any possible nuclei in the polymer melt or 
at least to achieve maximum effect for subsequent purposes. This 
lack of dependence of crystallisation on the residence time at the 
temperature of melting would seem reasonable, since once the 
critical temperature for the destruction of the optimum number of 
nuclei and also to produce the minimum amount of degradation had been 
exceeded, the influence of time should have relatively little or no 
further effect. 
4.2.1. The Influence of Additives on the'Cold-crystallisation' 
temperature of P. E. T. 
The basis of measurement of the cold-crystallisation temperature 
is described previously in section 3.2.1. It is only because of. 
P. E. T. 's intermediate rate of crystallisation, enabling it to be 
quenched to the amorphous state from the melt, that allows this form 
of crystallisation study to be carried out. The method is relatively 
simple and since only the temperature of the apex of the 
crystallisation peak has to be measured, it is less prone to errors 
in measurement than techniques previously discussed. 
Table 3.2 indicates the effect of the selected additives from , 
Table 3.1 on the cold-crystallisation temperature. It can be seen 
by inspection that relatively few of these materials actually 
reduce the Tc or Tp values Isee Section 3.2.1. ) Those which do, 
i. e. antimony tetroxide, talc, lead sulphide, lead fluoride and 
I 
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boron nitride are all inorganic substances. It might be mentioned 
that the crystal spacings of the antimony and lead compounds are 
very similar to those of P. F. T. Whether the matching of 
crystalline structure is an important parameter with respect tö the 
effectiveness of nucleating agents in P. E. T. cannot be concluded at 
this point as there may be other factors operating such as the intimacy 
of mixing and since substances with no correspondence of crystal 
spacing have an effect as well. 
It should be pointed out that the results shown in Table 3.2 for 
Tp and Tc were averages produced from at least three different 
values, although it was found that the results of both Tp and To 
were very reproducible (. +1.50). 
The influence of the concentration of additive on the temperature 
of cold-crystallisation for a few selected materials of varying 
nucleating activity is shown in Table 3.3. - It is apparent that the 
values of both Tc and Tp tend to decrease with an increase in the 
concentration of additive for all the materials except indigo. Thus 
the concentration of the additive is important in'that materials 
which were ineffective as shown by Table 3.2 become effective in a 
nucleating capacity as their concentration increases. It is 
interesting to note however, that indigo does not follow this pattern, 
in that as well as producing an initial increase in the temperature 
Tc, such as for polyacrylonitrile, alizarin and sodium benzoate, 
further increase in its, concentration does not reduce Tc as it does 
for the above materials. In fact the values of Tp and Tc remain 
constant for indigo indicating that it is inert in a nucleating 
capacity which is in disagreement with the results of previous workers 
in the field. 191 The reason for the increase in To produced by the 
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other materials in Table 3.3 (except lead sulphide) as compared with 
that of the pure material (Tc m 404.7 
± 1.5°K) is not clear although 
it may possibly be attributed to an effect arising from the mixing 
process. 
The effectiveness of proposed nucleating agents on the 
crystallisation behaviour of the polymer when cooled at a lirogrammed 
rate from the melt will now be discussed. 
4.2.2. The Influence of Additives on the Crystallisation Temperature 
o . E. T. cooled at a programmed rate from the Melt. 
For this particular form of crystallisation study on the D. S. C., 
a nucleating effect is denoted by-an increase in crystallisation 
temperature of the polymer, as reported by previous workers. 
1129195 
However, examination of Table 3.4, which shows the crystallisation 
temperatures at a programmed rate of cooling for a range of additives, 
reveals that in most instances, for the substances examined, there is 
a decrease in this temperature as opposed to the expected increase. 
This implies that an anti-nucleating effect is taking place, although 
materials which had already demonstrated signs of nucleating activity 
on the increasing temperature mode in cold-crystallisation were among 
these, i. e. lead sulphide and lead fluoride. The large reduction 
in the crystallisation temperature of the filled polymer (10-200 in 
most cases) can only be explained if we assume that the substances 
slow the crystallisation process down and in fact act in the manner 
of an anti-nucleating agent, for some reason which is not clear. . 
Only sodium stearate produces a slight increase in the 
crystallisation temperature (30), but it is not so substantial that 
any conclusions can be drawn. 
The rate of programmed cooling was varied next in order to examine 
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the effect of cooling rate on the crystallisation behaviour of the 
polymer. From Table 3.5 it can be seen that an increase in the rate 
of cooling produces a decrease in the temperature of crystallisation. 
This behaviour is understandable because of the time dependent nature 
of the crystallisation process and also agrees with the work of 
Ozawa. 112 on P. E. T. It is evident from Table 3.5 that sodium 
stearate is the only substance which even slightly raises the 
crystallisation temperature of the P. E. T. over the range of cooling 
rates examined. The other materials, though effective in decreasing 
the temperature of cold-crystallisation of the P. E. T., as described 
previously, proved to have no influence on the crystallisation process 
at a controlled cooling rate. 'This may be due to the fact that the 
latter method of monitoring the influence of additives on the 
crystallisation of the polymer is less sensitive than the former, or 
. alternatively, the substances used are more effective at lower 
crystallisation temperatures. 
The main difficulty associated with using the D. S. C. Ln the cöoling 
mode was found to be the tendency of the baseline. to deviate from the 
horizontal during the process of crystallisation. This phenomenon 
becomes more pronounced at increased rates of cooling and consequently 
distorts the shape of the crystallisation peak making any kinetic 
analysis such as that used by Ozawa172 impractical. The temperature 
at which the crystallisation peak occurs however, remains 
unchanged. "%0 
As mentioned previously in Section 3.2.2, due to the generally 
indifferent influence of the additives on the crystallisation process 
in both dynamic modes of operation, attention was now directed to the 
use of the D. S. C. in the isothermal mode. 
q 
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4.2.3. The Influence of selected Additives on the Isothermal 
Crystallisation behaviour of P. E. T. 
So far in this work the start of crystallisation has been 
arbitrarily taken as the intersection of the produced baseline of the 
D. S. C. trace with the crystallisation peak as shown in Fig. 2.2. 
However, equilibration as described in Section 2.5.1) : 
demonstrated that in actual fact the sample achieved the isothermal 
crystallisation temperature before this point, k20 seconds after the 
onset of the green light) as can be seen in Fig. 2.2. It was hoped 
that this would help to differentiate between the effects of the. 
additives on the base polymer, since the slower crystallising samples 
would have a longer period of incubation prior to crystallisation. 
Fig. 3.13 demonstrates the effect of the selected inorganic oxides 
on the isothermal crystallisation behaviour of the P. E. T. The point 
of commencement of crystallisation is very similar however, for both 
the pure and filled samples and there is also little difference 
between the relative rates. Since Groeninckx'61 had managed to ," 
produce a substantial increase in the rate of crystallisation of P. E. T. 
by the addition of these particular fillers a study of the differences 
between the two experiments was therefore made. 
It was recognised that the two main differences between the work of 
Groeninckx and the present study are the particle size distribution 
and the'method of mixing. The filler size range in the work of 
Groeninclx was 0.5 - 0.6 JJ, and the blending of samples was carried 
out on a screw-extruder, as opposed to the relatively coarse samples 
(see Table 2.1) and the mixing in the dry powder form used 
respectively in this work. In view of the discrepancy in results 
between the two studies it became clear that the above-mentioned 
I 
170 
A 
factors probably have an important role to play in the effectiveness 
of the nucleating process. Consequently attention was turned to the 
magnitude of the particle size of the filler and to methods of 
incorporating it into the base polymer. 
4.2.4" The Investigation of Mixing Techniques and the influence of 
the particle size of a selected additive on the 
Crystallisation behaviour of P. E. T. 
The different techniques investigated are described in section 2.4.1. 
The Melt Indexer and the Rheometer were discounted for ultimate use 
for reasons put forward in the same section, and consequently the 
Acenaphthene VapourBath was adopted in the first instance as the 
apparatus for mixing in the melt. 
Fig. 3.14 shows the crystallisation isotherms for the pure and talc- 
filled samples obtained by this method. It is apparent that the talcs, 
although of different size distribution Isee Table 2.1 part tv)), are 
indistinguishable from each other in terms of their influence on the 
crystallisation rate. If we compare Fig. 3.15 it can be seen that 
there is shift to the left, relative to the base polymer; in the 
position of the isotherms for the talc-filled polymer, Le. increased 
crystallisation rate. This indicates that although there is still 
little difference between the effects of*the individual talcs on the 
crystallisation rate, the overall influence of melt blending is to 
produce. an increase in the effectiveness of this particular filler. 
The most probable reason for this behaviour is that melt blending to 
some extent improves the overall mixing of the polymer and additive. 
Table 3.6 demonstrates the influence of the different talcs on the 
cold-crystallisation temperature. It can be seen that as well as 
lowering the crystallisation temperature, indicating nucleation, the 
relative influence of the different talcs on this value are much 
I 
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more distinguishable. This is made more apparent in fact by 
Fig. 3.1b which shows that the cold-crystallisation temperature is 
also governed by the particle size of the talcs, i. e. decrease in the 
particle size produces an increase in the nucleating efficiency. This 
behaviour appears reasonable, since for the same concentration of 
additive, a smaller particle size would create a greater surface area 
of material on which the polymer could nucleate. 
The relative increase in effectiveness of the talcs at low 
temperatures agrees with the results of Jackson and Longman158 for 
talc-filled P. L. T. This is convistent with the fact that at low 
temperatures of crystallisation, nucleation is the rate controlling 
process, whereas at high temperatures growth becomes the predominant 
factor as mentioned earlier. 
In view of the fact that the melting of the polymer appeared to 
improve the nucleating effect of the additives, the next obvious step 
in the study was to employ a method of blending which involved both 
mechanical mixing and melting. 
4.2.5. The Mixing of the Polymer and Additive by Screw Extrusion. 
The principle behind this approach was to combine the effects of 
the hot barrel of the extruder and the heat due to internal friction 
in the material to cause the polymer to soften, so that it may be 
forced through the extrusion die. The machine functions by virtue 
of the friction differential between the screw and the material, as 
against that between the material and the barrel bore, the latter 
being the greater. 
203 
The deagglomeration or dispersion of the solids in the polymer. 
matrix is greatly speeded by the application of a shear stress to 
this matrix. The clumps of particles of solid are held together by 
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surface and/or electrostatic forces which must be exceeded by the 
stress applied to the polymer in order to disperse them. Since in 
most processing equipment the shear stress varies considerably at 
different points in the barrel, it is essential that flow patterns 
exist which cause all the material being processed to pass through 
the region of maximum stress at some time during the operation. 
204 
4.2.6. Crystallisation studies on the Material mixed by Screw- 
ri. v+r77 ei nY - 
The influence of melt temperature on the initial slope (. rate) 
of the crystallisation isotherms is shown in Fig. 3.17. In order to 
assess reproducibility, both pure and talc-filled samples were used. 
It can be seen that the minimum rates for the predetermined conditions 
of crystallisation coincide at a temperature of 580°K which was 
accordingly adopted as the optimum melting temperature for further 
crystallisation studies. The rate of crystallisation of the filled 
sample is also substantially higher than that of the base polymer, 
indicating a nucleating effect. 
Despite previous investigations on the influence of residence time 
at the melting temperature on the crystallisation behaviour of P. E. T. 
(see section 4.2), further studies were carried out on this particular 
polymer in order to verify these results. In Fig. 3.18 it can be seen 
that over the range of times covered the residence time has no effect. 
This is in agreement with results obtained for the other type of P. E. T. 
in section 3.2. and is probably due to the same reasons discussed in 
section 4.2. 
If we examine Figs. 3.19,3.20 and 3.21 together, two main trends 
of behaviour are apparent: - 
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All the different talcs without exception, produce an increase in 
the crystallisation rate of the polymer over the temperature range 
investigated and the order, of effect is roughly Mistron Super Frost> 
B. D. H. talc > Mistron 13y > Mistron Vapor. The particle size 
distributions of these additives are shown in Table 2.1 and there 
appears to be no relationship between this and the relative 
effectiveness of these materials in their action as nucleating agents. 
This result was totally unexpected since they were selected primarily 
in order to examine the influence of particle size on the nucleating 
efficiency. The differences between the isothermal crystallization 
rates of the polymer/talc blends must therefore be attributable to 
basic differences in either chemical composition, since talc is a 
mineral in which this varies, or in the mixing behaviour of the 
blends under conditions of screw extrusion. Which, or if both are 
operating, to what degree are these phenomena working, is not clear. 
A more obvious trend in the results presented in the three figures 
ý";, (Fig. 3- 199,20 and 21) is the linear increase in the time for ha. If- 
crystallisation (ti) with increase in crystallisation temperature. 
This is as would be expected over a small temperature range and agrees 
with the results of previous workers. 
205 
If we consider the effect of increasing the shearing rate of the 
extruder on the crystallisation behaviour of the filled polymer we 
find that the values of tj increase, indicating a decrease in 
crystallisation rate for both B. D. H. (Fig-3.22) and Mistron Super 
Frost (Fig. 3.23) talcs above a screw speed of 60 r. p. m. 
This would indicate that the rate of shearing for the mixing and 
blending of particulate additives with the polymer is important with 
regard to the rate of crystallisation. However, P. E. T. is 
174 
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characterised by a rather sharp melting point and a flow behaviour 
in the melt which does not deviate greatly from Newtonian. 
206 
Consequently, the viscosity of this material is relatively 
independent of the shear stress and since this particular variable 
(viscosity) determines the degree of mixing to a large extent, 
207 
we must look at other variables in the polymer/particle mixture which 
are affected by the shearing rate of the screw extruder. 
Previous workers in the field of mixing by screw extrusion 
207 
regarded shear as the sum of the products of shear rate and residence 
time for each part of the flow path. They have produced a formula 
for the separation of a pair of like interfaces in a mixture, which 
is a measure of the scale of segregation and hence the goodness of 
mixing. 208 This characteristic property of mixtures prepared in 
systems of laminar-flow is known as the striation thickness ir) and 
is shown below in equation 4.1. 
r` 1x]? 4-1 
M1Y2 F1 
Where 12 is the cube side length of a sample volume suitably small 
in terms of the total continuum of a specific particle concentration. 
M, is the net amount of shear supplied to the polymer. Y2 is the 
volume fraction of the particulate component. JJ2 and )T, are the 
viscosities of an element of volume containing particles and the pure 
polymer respectively. Thus an increase in the net amount of shear 
would cause a decrease in r and consequently improve the degree of 
mixing. The results kSee Fig. 3.22 and 3.23) therefore indicate, 
that above a screw speed of 60 r. p. m. the net shearing effect is 
reduced because of a lower residence time in the extruder. It is 
also apparent from the formula that the viscosity of an element 
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containing the particulate filler (jJ2) must be near to that of the 
polymer matrix i)11) in order to optimise the mixing process. This 
would indicate that the filler must be compatible in terms of 
'wettability' by the polymer in order to produce a minimum of 
viscous drag. Incidentally, the ratio of the viscosities is taken 
as unity for )12/p1 < 1.0, because the minor component can : never be 
deformed more rapidly than the matrix of the major component. This 
dependence on the similar viscosities of the two components for more 
efficient mixing is borne out in experimental evidence produced by 
Mohr et al. 
20( 
A further factor indicated by equation 4.1 is the dependence of 
efficiency of mixing on the volume fraction of the minor component. 
It is clear that the larger this becomes the less the amount of 
mixing which will be required. Hence, it is more difficult to mix a 
small amount into a large amount than to achieve an acceptable 50/50 
mixture. 
Two more important phenomena with regard to mixing must be taken 
into consideration. These are the influence of the filler on the 
overall thermal conductivity of the polymer blend and also the 
possibility of a decrease in size of the filler particles during 
extrusion. The former of these is unlikely to be significant since 
Kline209, using aluminium as a filler in resins, found that a 
comparatively high concentration t, > 20%) of this excellent conducting 
material had to be added in order to produce any measurable increase 
in conductivity. In fact thermal conductivity only increased 
substantially when particle to particle contact ensued at very high 
209 
concentrations. 
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The possibility of particle breakdown occurring in the talc has 
not been verified experimentally due to difficulties encountered in 
the resolution of the very fine particles in the polymer matrix by 
both optical and scanning electron microscopy. However, measurements 
on the particle sizes of the other much coarser micas revealed a 
considerable breakdown as shown in Table 2.1 part kiv). Since talc 
has very similar cleavage characteristics to these materials, it is 
highly probable that it will undergo at least a slight breakdown in 
particle size. This would quite conceivably improve the nucleating 
ability of this substance and this will be discussed later in the 
chapter. 
The effect of increasing the concentration of the talc on the 
crystallisation of P. F. T. is demonstrated in Fig. 3.24. It can be 
seen that a decrease in ti, occurs, which corresponds to an increase in 
the crystallisation rate. The curves tend to level off as the 
concentration approaches 1i and this is in good agreement with the 
results of Beck and Ledbetter1 
5 
who observed a similar'effect for 
polypropylene containing aluminium dibenzoate asa nucleating agent. 
It would appear that once a critical concentration of active nuclei 
is present in the polymer, further increase has relatively little 
effect on the crystallisation rate and the additive presumably acts 
as an inert particulate filler. 
4 
As mentioned previously in Section 3.3, the second batch of polymer 
1B43 P. E. T. ) proved to be different to the first in its' crystallisa- 
tion behaviour with respect to temperature and this will be discussed 
in the section following. 
4.2.7". Comparison of the first and second batches of 1343 P. F. T. 
Fig. 3.25a illustrates the magnitude of effect of the screw speed 
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tr. p. m. ) on the shearing rate of the extruder for both batches of 
polymer. The linear behaviour and the similar slope in each case 
indicates almost identical extrusion conditions for the two polymers. 
The slight displacement between the lines may possibly be attributed 
to differences in the temperature control of the two experiments due 
to insensitive temperature measuring devices (thermocouples) and this 
displacement would presumably have little influence on the ultimate 
crystallisation behaviour of the extrudate. 
The melting conditions for the second 'batch of polymer were found 
from Fig. 3.25b. It is apparent that the melt temperature in order 
to produce a minimum rate of crystallisation is lower for this 
material than that for the first batch. t563°K as opposed to 580°K). 
This presents a considerable difference in melting behaviour which is 
inexplicable in terms of moleculer weights, as these appear to be 
virtually the same (see Table 3.1). The melting points are also 
within close proximity of each other: - 543°K and 542 
°K respectively 
for the first and second batches. 
If we consider Fig. 3.26, the difference in crystallisation 
behaviour is made even more apparent, since there appears 
to be a 
discrepancy in the degree of supercooling of approximately 100, This 
tends to indicate that the polymer from the first batch contains a 
greater concentration of heterogeneous nuclei than that for the second. 
The most feasible explanation for this behaviour is that there is a 
difference in the concentration of the catalyst residue tantimony for 
this particular polymer) between the two polymers. Previous workers158 
have shown that the catalyst species and its' concentration have an, 
important influence on the crystallisation behaviour or P. E. T. and it 
could therefore be this factor causing the differences in 
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crystallisation between the two batches. 
The results of work carried out on the molecular weight of the 
polymer prior to and after extrusion is shown in Table 3.7. It is 
evident that the extrusion process causes a reduction in the molecular 
weight of the polymer, which is probably due to the combined 
influences of mechanical and thermal degradation. This reduction 
has both the effect of increasing the rate and extending the range of 
crystallisation, compared to that of the unprocessed polymer. 
158 
A further factor apparent from Table 3.7, which complies with 
previous suggestions on the influence of shear on the mixing process, 
is the decrease in molecular weight for the polymer containing 
phlogopite at the lower rate of shear. This substantiates the view 
that it is the net amount and not the rate of shear which is critical 
in an extrusion mixing process of this kind. It can be seen in 
Table 3.7 that the polymer containing boron nitride appears to follow 
a similar sort of behaviour. On the other hand, the talc-filled 
polymer from both batches appears to undergo an equivalent amount of 
degradation at 80 r. p. m. as other samples do for lower screw speeds 
i. e. greater net shearing. This could be possibly due to some form 
of mechanism by which the polymer chains are restricted in movement 
owing to their adherence to particles of filler, thereby causing 
chain sission during extrusion. A phenomenon such as this exists 
in carbon black-filled rubbers, being known as the Mullins effect, 
210 
although at higher concentrations. Alternatively it could be a case 
of some additives acting in the role of degradation accelerators. 
Previous workers 
2111'213 have demonstrated a similar effect on 
polyolefines by the addition of metal benzoates9 but this seems less 
likely for a substance such as talc. 
't 
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4.2.8. The Influence of additives on the Crystallisation Behaviour 
of the second batch of P. E. T. 
The effect of a range of various additives on the isothermal 
crystallisation behaviour of P. E. T. is shown in Fig. 3.27:, It can 
be seen that all the substances, with the exception of indigo, 
produce an increase in the rate of crystallisation of the pölymer. 
This particular additive appears to have an anti-nucleating effect 
at the concentration used, as found for the original dry-mixing studies 
discussed previously. Kargin et a1212 found that some dyestuffs 
similar to indigo were effective nucleating agents at 0.1% 
concentration but became anti- nuclt-ating agents at concentrations 
approaching 1%. 
The two organo-metallic materials, sodium benzoate and sodium 
stearate, appear to have the most pronounced nucleating effect. 
previously mentioned, this particular material is also the 'most 
effective with respect to the nucleation of polypropylene, 
129 for 
As 
reasons described in section 1.5.3. Also as noted in section 4.2: 7, 
metal benzoates act as degradation accelerators for polyolefines at 
very small concentrations. (O. 5%) Whether they act in the same 
capacity for the polymer P. E. T. is debatable. If some form of 
degradation was taking place, the increase in the crystallisation 
rate of the filled polymer could be due partly to the reduction in 
molecular weight, as well as a genuine nucleating effect. It4can 
be seen from Table 3.7 that sodium benzoate produces a decrease in 
molecular weight relative to that produced by other additives such as 
boron nitride at the same rate of shear and therefore appears to 
agree with the above. 
Polytetrafluoroethylene and antimony tetroxide demonstrate almost 
identical behaviour with regard to their tj values for crystallisation. 
4 
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The former is a high temperature polymer and is therefore of the same 
species, whereas the latter possesses very similar lattice dimensions 
to P. E. T. It is interesting to note the similarity in crystallisation 
behaviour produced by these two, despite them being quite different 
substrates for the nucleation of the polymer. In fact, since all the 
additives investigated, except indigo, produced an increase in the 
rate of crystallisation of the polymer and since many of them had no 
influence whatsoever when hand-mixed with the polymer, it would appear 
that the method of mixing is of paramount importance in work of this 
nature and that crystal spacings are of no import as reported 
recently by Price. 267 
The crystallisation results for the micas have been presented in 
Fig. 3.28. It is immediately apparent that the talc and pyrophillite 
are much more effective in a nucleating capacity than the other micas. 
-This result was unexpected since these materials all possess the same 
basic structure. If we consider this structure in relation to the 
cleavage behaviour of mica however, there is a possible explanation. 
Mica consists of plates of silica tetrahedra with oxygen in the 
tetrahedral sites and metal atoms such as those of aluminium, 
magnesium and potassium occupying the octahedral sites. Cleavage 
occurs with relative ease-parellelto the Si4010 sheets (perfect 
basal cleavage) causing them to split into thin elastic plates. 
214 
Talc, shown in Fig. 4.1, and pyrophillite are the two most simple 
micas in terms of structure. Talc (T. 1g3Si40, o(OH)2 
) has magnesium 
atoms occupying the octahedral sites whereas pyrophillite 
(Al2Si+O, 
c 
(OH)2) ' has alwninium. This structure is unique in that it 
produces an electrically netitral surface for both materials on the 
cleaving of the (001) plane. This means that the surface is 'clean' 
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Fig. 4.1. A simplified representrtton of the structure of 
talc. 
1 82 
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in the sense that it possesses no electrical charge, and it provides 
an uncontaminated substrate on which polymer crystallites can grow. 
The other silicates studied are different in the sense that atoms 
bind the sheets together as opposed to Van de Waals forces and the 
surface after cleavage is therefore charged and susceptible to 
contamination. A further consequence of this structural'difference 
is that talc and pyrophillite are the most easily cleaved hiicas. 
Jackson and Longman 
215 
in their work, initially employed a form of 
mixing in which the polymer and additive were ground together in the 
melt between two microscope cover slips prior to optical examination. 
They investigated a great variety of materials and discovered only 
talc to be effective to any degree. This was probably due to the 
relative ease in which cleavage takes place in talc compared with the 
other substances, which would have been most likely effective under 
adequate conditions of mixing and dispersion. 
If we consider the talc used for mixing with the second batch of 
samples, it can be seen that it is a zinc stearate coated versidn of 
hjistron Vapor, Idistron ZSC. The surface coating provides it with a 
hydrophobic nature which would seem feasible for this particular 
work in view of the adverse effects of water on the extrusion 
characteristics of P. E. T. 
216 The effect of increasing the 
concentration of this additive on the crystallisation behaviour of 
the polymer is demonstrated in Fig. 3.29. It can be seen that there 
is an initial decrease in tj which then increases with further 
increase in the concentration. This behaviour disagrees with 
results reported by other workers195 and also with results shown, 
previously in this study: (see Fig. 3.24). The zinc stearate must 
therefore exert an antagonistic influence on the crystallisation rate 
ýI 
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above a critical concentration, although the reason for this is not 
clear in view of the effectiveness of sodium stearate as a nucleating 
agent. 
All the values of tj for the crystallisation of the second batch 
of P. L. T. containing various fillers are shown in Table 3.8. Most 
of these have already been presented in graphical form previously and 
therefore just a comment on accuracy will be made here. 
Since the computer program did not contain a facility for 
calculating the t- values, these figures were obtained from the results 
of cumulative crystallisation provided with each computer print-out. 
The nearest time to 50% crystallisation was taken and by the averaging 
of adjacent values, a time for half-crystallisation was calculated. 
In view of the relatively short time intervals for sampling, this 
method was accurate to more than 1% with respect to the values of time 
-for half-crystallisation. 
4.2.9. The Computer Analysis of Isothermal Crystallisation Traces 
from the D. S. C. 
The computer program (RUNGP. D. S. C. ) shown in the Appendix was drawn 
up to calculate the Avrarii exponent 'n' from the crystallisation data, 
this being the traditionally accepted parameter for describing the 
crystallisation process. The program also provided values for the 
intercept of the Avrami plot and two statistical values relating to the 
fit of the line; the estimated error and the coefficient of 
determination. The latter acts as a measure of the "goodness of fit". 
It is the ratio of the explained variation to the total variation and 
thus the larger it is, the more of the total variation is accounted 
for by the explained variation. 
It is evident from Table j. 9) that the values for the Avrami 
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exponent invariably fall into the range of 2-0->3'0 in this study. 
Since the values are without exception non-integral, they can only be 
used for purposes of comparison, as only integral results have any 
significance in the Avrami analysis. An increasing amount of'polymer 
crystallisation data however, when analysed by the Avrami equation 
2lß 
yields non-integral values of 'n' 
220 It is now doubtful that 
the simple equation can precisely describe the complete crystallisation 
kinetics of bulk polymers. 
218,2289229 From the point of view of 
theory, to obtain integral values of. 'n' , several assumptions have to 
be made: - 
(i) nuclei must be randomly spaced. 
(ii) the time dependence of the nucleation process is either zeroth 
or first order. 
(iii) the linear dimensions of growing bodies are related to some 
integral power of time. 
(iv) the density of growing bodies is constant. 
'ßwo or more simultaneous occuring processes cannot account for 
crystallisation data yielding fractional values of 'n' 9224 and it-is 
much more likely that one of the above assumptions is basically wrong, 
possibly the fourth. 
If we consider 'n' values obtained for P. L. T. specifically, there 
is little consistency between the results of different investigators, 
as can be seen in Table 4.1. 
Table 4.1 The Avrami exponents for the low and high temperature 
crystallisation of P. 1',. T. by previous workers. 
Source 'n' value 
low temperature high temperature 
Keller230 2.0 400 
Ikeda 231 0.98 3.12 
Pi11ai22' 4<n< 5 3< n44 
Cobbs 232 2.2 - 2.4 1-8 - 2.2 
Groeninck2x05 = 3.5 - 
approaches 2.0 - Anokhin33 
This obvious discrepancy between the 'n' values produced by 
different workers, could be due to several factors: - 
(i) A difference in the base polymer kmolecular weight, 
catalyst system and residue etc. ) 
(ii) Different techniques of measurement, e. g. infra-red234, 
D. S. C. 205'227 and D. T. A. 
2 31 
kDifferential Thermal Analysis. ) 
(iii) Different melting conditions prior to crystallisation: - 
Hay226 proved that an increase in the melting temperature 
produced a decrease in the 'n' value for polyethylene oxide. 
In view of the above factors, no absolute value of 'n' can be 
obtained for a particular system, because of the many variables which 
exert an influence upon it. 
It can be seen in the present studies from Table 3.9) that the. 
Avrami exponents, for the polymer containing different nucleating 
agents vary between values of 1.8 and 2-6 . This implies a 2-D 
plate-like growth by the heterogeneous process which n rees with 
. 235 
results reported by Cobbs and Burton. There appears to be a 
general tendency for the Avrami exponent to decrease with decrease in 
las 
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temperature, but the rate at which it changes seems to be dependent 
on the filler used. This decrease in the value of 'n' with that of 
temperature was also reported by Hillier for of yp ymethylene. 
As mentioned earlier in this section, no direct conclusions'can be 
drawn from the value of the Avrami exponent as regards to describing 
precise modes of growth. The influence of different additives on the 
'n' value is quite interesting however. Some of the more efficient 
nucleating agents, i. e. sodium benzoate produce a decrease in the 
Avrami exponent of the base polymer. This is probably due to the 
fact that the polymer containing them tends to crystallise at higher 
temperatures and the mode of growth is possibly altered. These 
include sodium stearate, sodium benzoate, talc, pyrophillite, boron 
nitride and P. T. F. E. The fillers which appear to be less effective 
in a nucleating capacity tend to produce an increase in the Avrami 
exponent and this includes most of the micas, and the inorganics such 
as silica, calcium oxide, antimony tetroxide and lead fluoride. 
This tends to affirm the view that the filler may be very important in 
describing the mode of growth of crystallisation in the polymer and 
that its' behaviour may be changed by altering this particular variable. 
The subject of cemputer analysis with regard to accuracy has been 
discussed previously and consequently the next and final section in 
relation to work on the D. S. C. will be the influence of nucleating 
agents on the temperature of cold-crystallisation of P. E. T. 
4.2.10. The Influence of Additives on the Cold-crystallisation 
temperature of P. E. T. after screw-extrusion mixing. 
Table 3.10 demonstrates the effect of the various talcs on the 
temperature of cold-crystallisation of the P. E. T. Despite the fact 
A 
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that they all produce a decrease in the temperatures of both To and Tp, 
it is quite small, and these values appear to be relatively insensitive 
to the variation of the concentration and the rate of shear. It would 
appear that the effectiveness of the talcs as nucleating agents'is 
decreased at low relative to high temperatures of crystallisation. 
The results for the second batch of polymer however, shown in Table 
3.11, indicate a large decrease in the cold-crystallisation temperature 
for some samples, implying a pronounced nucleating effect. This is 
also apparent for the talc-filled polymer (Mistron 2SC), and therefore 
indicates that the P. E. T. from the first batch most probably contains 
heterogeneous nuclei inherent from the preparation as mentioned 
previously in Section 4.2.7" 
Sodium stearate and sodium benzoate have the greatest influence on 
the position of the cold-crystallisation peak by lowering it more than 
Zoo. These two materials appear to be by far the most effective 
nucleating agents for both high and low temperature crystallisation. 
Talc and boron nitride on the other hand, seem to be relatively less 
effective at low as opposed to high temperatures of crystallisation. 
All the materials, without' exception, produce a decrease in the 
temperature of cold-crystallisation, including indigo despite its, 
anti-nucleating behaviour at high temperatures. The results for 
vermicullite and phlogopite from Table 3.11 demonstrate that shear rate 
has little influence on the crystallisation temperature, while those 
for the talc-filled polymer show a decrease up to 0.5% and then no 
further influence at higher concentrations. This latter result agrees 
with results shown previously for the isothermal crystallisation 
behaviour of P. E. T. containing Mistron Z. S. C. talc. 
To summarise, it would appear that the range of additives 
q 
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investigated are effective as nucleating agents at both high and low 
temperatures of crystallisation. They all promote an increase in the 
temperature of crystallisation at the higher end and a decrease at the 
lower end of the crystallisation range and therefore permit a greater 
flexibility, with respect to temperature control, during processing 
operations. It is also apparent that shear-mixing in the melt increases 
the effectiveness of the nucleating agents as compared with dry mixing. 
4.3" Morphological Studies. 
Plates 3.1 and 3.2 demonstrate the influence of alkali etchants ki. e, 
sodium and potassium hydroxide respectively), on the surface structure 
of crystallised samples of P. E. T. However, it was decided that the 
conditions of etching were too severe and it was considered highly 
probable that the technique is more likely to destroy the original 
structure and produce swelling in the polymer. Consequently the rather 
tangled structure depicted in both electron micrographs was considered 
to be purely artifact and therefore not representative of the true 
1morphology 
of the polymer. Other workerst 
ýý ' X36' 237 have employed 
this technique , for P. E. T. however, primarily to produce a matte 
surface to provide the polymer with improved properties of adhesion 
and not for morphological studies as such. 
A different type of etchant was used to provide the micrographs of 
Plates 3,3 and 3.4, propylamine. Previous workers have used amines 
for the chemical etching of P. E. T. 
238-242 Koenig andHannon 
230 
and 
Farrow et a1239 proposed a regular chain-fold structure from the basis 
of their results using methylamine as an etchant. Farrow239 however, 
reported that both amorphous and crystalline structures were 
indiscriminately attacked by the reagent, unlike the situation for 
hydrolysed cellulose. 
243,244 Kurita, 
240 
using a different but 
I 
189 
related etchant, ethylamine, reported that this reagent preferentially 
attacked the amorphous material. Baker 
242 
employed the same etchant 
as used in this particular study, propylamine, and reported the existence 
of spherical structures of the order of 500 to 700°A in diameter. 
Plate 3.4 shows localised regions of spherical structures with sizes 
in the range of 100-250°A, and if we take into consideration the 
differences in sample history, there appears to be at least a similarity 
in the basic morphology found in this work and that by Baker. Other 
workers using a hydrolysis technique, 
245-248 
which will be discussed 
later, reported structures of similar shape in both the amorphous and 
drawn forms of P. E. T. 
The mechanism by which the n-propylamine effects the P. E. T. is best 
illustrated by the reaction: - 0 
- ýO-C21-4-O-C-®]n 
CH3-CaýH4-NHS HO-GH4-0H 
n-propyk mane {hylere 9ýyco1 
HooH 
+CH3-C2H4-N-C -Q-C-N-C2F- 4-CH3 
N, N -dtpmnpyl ferepkkkakm cde 
-}- unreacted P E"T. 
The ester linkage in the P. E. T. is broken down by the chemical 
reaction of aminolysis and the products are readily soluble in the 
amine. It appears to be generally accepted240'241' that amines cause 
rapid initial degradation of the non-crystalline portion, which is 
followed by the slow degradation of the crystalline lellae at their 
lateral surfaces. Overton and Hayes241 indicated that the non- 
crystalline regions gave monomeric degradation products while the 
crystalline areas gave low molecular weight polymer reprosentativo of 
I 
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the fold period. The phenomenom of chain folding has been implied 
by low angle X-ray scattering and infrared spectroscopy studies by 
other workers, 
2238,2 49 ,2 50 
Plate 3.5 demonstrates the effect of hydrolysis as a means of etching 
P. E. T., from a method described by Miyagi and Wunderlich. 
184 It shows 
a lamellar platelet of crystalline P. E. T. which is identicäl to the 
ones presented in the paper above. Originally the method'of hydrolysis 
for the etching of polymers was used on cellulose. 
243+244 The amount 
of hydrocellulose produced after preliminary hydrolysis was taken as 
providing an approximate measure of the quantity of crystalline 
material in the original polymer. 
244 
This estimate however, was 
reported to be high, since Nickerson251 had shown that there was an 
increase in crystallinity during the hydrolysis process. Brenner 
et a1252 proposed that the chemical attack promoted the initiation of 
some form of crystallisation process. Fortunately Vfunderlichlt34 
was able to demonstrate that only a qualitative increase in crystal 
perfection occurred in the case of P. E. T. It was therefore decided 
that hydrolysis of the polymer by water was a better method of 
etching than by aminolysis, which reportedly caused chain cleavage and 
attacked both amorphous and crystalline regions indiscriminately. 
239 
Other workers253,254 carried out studies on the catalyzed hydrolysis 
of P. E. T. but did not use the technique for the purpose of etching the 
polymer. Ravens254 however, from work on the HC1 hydrolysis of 
P. E. T., suggested that absorption takes place principally within 
amorphous regions and to a lesser degree at the surface of crystallites: 
Grime and Ward255 explained that this attack was due to the crystalline 
regions of the polymer having a smaller di-electric constant than that 
of the amorphous, which in turn would give rise to a lesser degree of 
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ionization of the HC1 and a reduction in the hydrogen ion 
concentration 
[H 
+I. It is highly probable that a similar process 
takes place in the case of hydrolysis by pure water. 
Since one of the prerequisites for the efficient etching of a material 
is the preferential attack of specific areas only, in order to create 
relief, the method of hydrolysis was therefore adopted for studying the 
crystalline morphology of the P. 1-',. T. 
If we consider Plate 3.6 it can be seen that it shows an electron 
diffraction pattern typical of completely crystalline materials such as 
metals, as opposed to the ring pattern normally obtained for semi- 
crystalline polymers. It therefore demonstrates the highly 
crystalline nature of the'platelet of polymer shown in Plate 3.5" 
The method of hydrolysis obviously isolates the crystalline portion 
of the polymer, when the latter is in the powdered form. In order to 
observe the bulk morphology however, the technLcue was carried out on 
solid samples, as described in section 2. '1.2 part kc). Plates 34 and 
3.8 demonstrate the effect of the above treatment on the surface of 
samples of pure. and talc-filled P. E. T. which have undergone identical 
conditions of crystallisation. It is immediately apparent that there 
is a large difference in the size of the structural entities which are 
of a nodular appearance. The size of these nodules for the nucleated 
polymer is approximately 300 to 400°A, whereas a l:? -s defined structure 
closer to the 2000°A size r'nge exists in the pure crystallised material. 
Whether this latter structure is itself composed of a substructure 
consisting of unresolvable nodules similar to those in Plate 3.8 as 
found by Yeh, Geil and Klement for amorphous and drawn P. I:. T. 
245-248 
is a matter for conjecture.. It can be concluded however, that the 
morphology of the crystalline polymer at this level of resolution 
A 
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is radically altered by the addition of a nucleating agent. Thus 
the differences found in the rates of crystallisation are reflected 
in those of the morphology of the two materials. 
Plate 3.9 indicates that the nodular structure is not peculiar to 
the surface of the sample in contact with the D. S. C. pan, by showing 
a similar morphology for a fractured sample after the process of 
hydrolysis. 
During hydrolysis the amorphous polymer is expelled in the form of 
dimers and trimers which crystallise in a variety of different 
geometric forms according to the conditions of crystallisation. 
256 
Several of these forms can be seen in Plates 3.10,3.11 and 3.12 and 
all of them can be easily removed by the use of ethanol in a manner 
described in section 2.7.2. part (c). It can be seen that the 
nodular structure is apparent in all three of these electron 
micrographs confirming previous observations. 
The influence of a few of the more effective nucleating agents and 
of one anti-nucleating agent (indigo) on the morphology of the 
crystalline polymer is shown in Plates 3.13 - 3.17" The nodular 
structure is not very apparent for the base polymer from this second 
batch of P. E. T. (Plate 3.13) but is slightly more apparent for the 
sample containing zinc stearate coated ta]c, (Plate 3.14). The 
structural entities appear to be much smaller than in the case of the 
first batch of polymer and this is probably due to a lower temperature 
of crystallisation, which implies a finer crystal structure. 
Plate 3.15 shows an electron micrograph of the polymer containing 
the only observed anti-nucleating agent in this particular study,, indigo. 
No defined structure is apparent in this plate however, and what can 
be seen is more likely to be due to the contamination of the sample prior 
193 
to or during the process of replication. 
2 
Consequently, no conclusions can be drawn in this case as to the 
influence of an anti-nucleating; agent on the crystalline morphology of 
T. P , E. 
The influence of boron nitride on the morphology of the crystallised 
polymer is depicted in Plate 3.1b. In this case a more fibrillar 
type of structure is apparent, as opposed to the nodular structure 
observed in the other micrographs. This type of morphology is in 
agreement with results reported by Watkins251'25t$ for the fracture 
replicas produced from melt-crystallised unfilled P. E. T. He reported 
a fibrillar structure with the fibrils possessing a circular or 
polyhedral cross-section, having distinct discontinuities or striations 
along them, which he found to vary with the temperature of 
crystallisation. He also presented micrographs which demonstrated a 
nodular morphology identical to that found in this particular study and 
attributed this to the fibrils being; viewed from an almost end-on 
position. A similar phenonenom could be taking place in-the samples 
presented in this work, since all the replicas have been taken from 
the surface of specimens and it is highly probably that Growth has 
started initially from the surface and is'running parallel to the 
direction of the fibrils. Further evidence of a stacked lamellar 
structure is demonstrated in Plate 3.18 which shows a micrograph of a 
thin section prepared on the freezing ultra-microtome that is almost 
identical in appearance to one obtained by CJatkins, 
Q58 
apart from the 
parallel lines which are probably due to the 'chatter' of the blade. 
If we consider Plate 3.17 which shown an electron microCraph for 
the sodium stearate filledopolymer, it can be seen that it represents 
a view of the fibrils from a slight angle to the directions of their 
I 
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principal axes. 
In view of the unavoidaole differences in angle at which the fibrils 
have been observed in Plates 3.13 - 3.17 it is impossible to draw any 
conclusions as to the influence of the different additives on the 
morphology of the crystallised polymer with respect to the thickness 
of these fibrils. What can be surmised however, is that the melt- 
crystallised polymer is probably composed of stacked lamellar crystals 
possibly resembling the structure shown in Fig. 4.2. Peterlin2b3 and 
Sakaoku264 and others have identified fibrils of such structure in highly 
drawn materials but not in undrawn polymers. However, growths similar to 
fibres of this type have been reported such as the intercrystalline links 
2 
observed by Keith, Padden and Vadimskyý'S which resemble this morphology. 
To summarise it is apparent that hydrolysis is an effective method of 
etching for P. E. T. in the crystalline form. After etching by this 
-process the surface of the P. E. T. takes on a nodular appearance which 
is thought to be indicative of a fibrillar structure. The dimensions 
of this structure appear to be sensitive to the type of additive and also 
the temperature of crystallisation. 
4.3.1. The Observation of Samples by Scanning Electron Microscopy. 
If we consider Plate 3.19, which corresponds to an area of the same 
sample used to produce the electron micrograph of Plate 3.7, it can be 
seen that despite differences in magnification, the basic structure 
presented is ostensively the same. Since Plate 3.19 was produced on 
the Scanning Electron Microscope(S. E. b1. ), which is a technique for 
direct observation of materials, it therefore confirms the validity of 
the replication process used for the observation of samples on the' 
Transmission Electron Microscope, and is included for this reason. 
The smooth regularly-shaped area in Plate 3.19 probably corresponds to' 
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Fig. 4.2. Stacked 1amo le. P model for crystn"11inaticn, shading 
indicates f old-nl. ne. Watkins. 2 58 
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a region from which a crystalline platelet of rejected dimer or trimer 
has been removed by the washing process following etching. 
Unfortunately, the use of the S. E. M. is limited to its' powers of 
resolution compared with the transmission electron microscope for 
studies of the kind mentioned in the previous section, but it does 
however find application for the direct observation of fracture 
surfaces. 
Plates 3.20 and 3.21 illustrate the fracture surfaces of pure and 
talc-filled polymer respectively after isothermal crystallisation. 
No direct comparison can be made of the two, since the morphology of 
fracture surfaces is very dependent on the distance of the areas 
observed in relation to the point of crack initiation. 
259 However, 
the mode of fracture in both cases appears to be trans-granular i. e. 
cleavage occurs through the crystalline regions and not round them. 
The plate-like piece of material proud in Plate 3.21 is most probably 
a plate of talc and it is interesting to note that the fracture has 
proceeded round the obstacle as opposed to through it. This 
behaviour indicates that this particular material is tougher than the 
crystalline polymer matrix in which it is embedded. 
The remainder of the fracture surfaces' examined were of samples 
after mechanical testing. Consequently these micrographs will be 
discussed in direct relation to the results obtained by mechanical 
testing in the following, section which covers the mechanical 
properties of the crystallised polymer. 
4.4. Mechanical Properties. 
In this section the mechanical properties of the crystallised polymer 
are discussed in relation to the results obtained during the 
morphological and thermal crystallisation studies. The influence of 
I 
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shear rate, crystallisation temperature, type of filler and its' 
concentration on the breaking load of the polymer are examined. 
4-4-1- The Influence of Shear Rate. 
If we consider Fie. 3.30 it can be seen that the breaking load of 
the polymer remains constant kwithin experimental error) for an increase 
in the shear rate. Figs. 3.22 and 3.23 for the polymer containing 
B. D. H. and Mistron Super Frost Talcs respectively, both show a decrease 
in the crystallisation rate for a corresponding increase in the shear 
rate however. This latter behaviour would imply a decrease in 
strength due to the increase in the size of the microstructure. 
260 
Since this does not occur, it shows an inconsistency in behaviour 
between the results of thermal and mechanical testing which cannot be 
explained, unless the toughness of the polymer under this form of test 
is independent of the rate of crystallisation. 
" The specimens of polymer containing 
talc,, without exception, show an 
increase in the breaking load compared with that obtained for the base" 
polymer, as can be seen in Fig. 3.30. This could be due to the 
difference in size of the basic structural entities which are observed 
by the comparison of Plates 3. '/ and 3.8. Previous workers38 have 
also demonstrated an increase in the impact strength of P. E. T. by the 
addition of talc. Plates 3.23 and 3.25 are scanning electron 
micrographs for the fracture surfaces of the pure and talc-filled 
polymer y1% Mistron Super Frost) respectively. It is apparent that 
the two surfaces are quite different in appearance. The base polymer 
indicates a rather linear and continuous sort of fracture path, whereas 
the polymer containing talc shows a more irregular and discontinuous 
mode of fracture. This means that the process of fracture in the 
latter material has taken place over a much larger surface area, which- 
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obviously corresponds to an increase in the work of fracture and' 
consequently implies an increase in the breaking load. 
4.4.2. The Effect of the Concentration of Talc. 
Fig. 3.31 demonstrates the influence of the concentration of talc on 
the breaking load of the isothermally crystallised P. F. T. It is, 
evident that there is an initial increase in the breaking load up to a 
concentration of 0.5; 16 and then a, decrease with further addition of the 
nucleating agent. To explain this behaviour therefore, it seems 
likely that two different processes are occurring simultaneously. 
The addition of talc must initially increase the breaking load of'the 
crystallised polymer because it is a nucleating agent and as such will 
produce a decrease in the spherulitic size. At the same time 
however, the talc must introduce a source of weakness into the polymer 
matrix which eventually overrides its otherwise beneficial effect. 
If we consider Fig. 3.24, which demonstrates the influence' of the 
concentration of talc on the crystallisation rate, it can be seen that 
the rate becomes almost constant above a concentration of 0.5; x% rt 
would therefore seem reasonable that any deleterious effects on strength 
imposed on the polymer by the talc would become apparent above this 
particular concentration. 
There are two possible explanations as to wny talc influences the 
breaking load in this manner: - It could be due to the fact that talc 
acts as a non-reinforcing filler in the polymer matrix above a certain 
concentration and consequently fractures preferentially in the 
composite. This explanation is unlikely however, since previous 
workers261 have employed talc as a reinforcing filler in polyethylene 
and also Plate 3.21 by virtue of the projecting platelot of talc 
implies that this material is tougher than the polymer matrix, ns 
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mentioned earlier. Alternatively, the talc may possibly introduce 
defects into the polymer which act as nuclei for the propagation of 
cracks. These could be in the form of cavities produced at the 
interface of the talc particle and the polymer due to an insufficiently 
intimate contact between them, and these cavities could be further 
magnified in size by the differences in strain of the polymer and 
filler under stress due to their different elastic moduli 
266 
The steady decrease in breaking load observed in Fig. 3.31 can 
therefore be accounted for by an increase in the number of sites 
available for the nucleation of fracture with increase in the 
concentration of the talc. On balance, this latter mechaniun 
appears to be the most feasible in terms of explaining the 
experimental evidence. 
Plate 3.24 is a micrograph of a specimen of P. E. T. containing 
-0.5% talc after fracture. It can be seen from this that the mode of 
fracture is discontinuous as for the polymer containing 1% talc 
(Plate 3.25). However, the fracture structure in Plate 3.24 is much 
finer, which indicates that the energy of fracture. and consequently 
the breaking load are therefore greater for the 0.5% as opposed to the 
1% talc-containing polymer. The breaking load can be seen to be 
greater for the 0.5 concentration from Fie. 3-31- 
4-4-3. The Influence of Crystallisation Temperature. 
Taking Fig. 3.32, if we first consider the results presented for 
the base polymer for both batches, it can be seen that the breaking, 
loads for the specimens of the second batch are much higher than those 
for the first. This may be attributed to the differences in the 
crystallisation behaviour of the two polymers with respect to 
temperature. From Fig. 3.26 it is apparent that the rate of 
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crystallisation is increased for the polymer from the first as 
compared with that for the second batch at the same temperature of 
crystallisation 093°K). This has the effect of producing a decrease 
in the size of microstructural entities in the latter as can be seen 
from a comparison of Plates 3.7 and 3.13, and therefore points to'än 
increased strength for the second batch. If we compare the fracture 
morphology of the-two materials, i. e. Plates 3.22 and 3.26 for the first 
and second batches respectively, it can be seen that the latter presents 
a much finer and discontinuous structure than the former. The energy 
required therefore to fracture the material from the second batch is 
greater, and a higher breaking load is consequently recorded. 
The breaking load, as can be seen from Fig. 3-32, is very 
sensitive to the temperature of crystallisation for both batches of the 
base polymer. The fact that the breaking load decreased with increase 
in the temperature of crystallisation was expected since this would 
tend to produce a coarser structure and therefore a decrease in the 
strength of the polymer. The maximum observed for the curves in both cases 
was however unexpected, as the breaking load would have-been thought 
to increase on account of the finer structure produced at lower 
crystallisation temperatures. A possible explanation for the 
appearance of these maxima may be that they correspond to particular 
temperatures at which the crystal structure has less inherent defects 
due to the specific conditions of crystallisation. Thus below a 
critical temperature, the structure though finer, may be less perfect 
due to the impingement of spherulites at an increased rate and the 
production of defects which act as sites for the initiation of fracture. 
Alternatively, it may be simply due to an increase in the degree of 
crystallinity of the polymer at lower temperatures of crystallisation 
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which gives rise to a more brittle material. This behaviour is 
illustrated in Fig. 3.4 for polypropylene. 
In Fig. 3.32 the specimens containing boron nitride and talc appear 
to behave in an almost identical manner under mechanical test. If 
we consider the transmission electron micrographs for the two (Plate 
3.14 for the talc and Plate 3.16 for the boron nitride containing 
polymer) it can also be seen that there is little difference in the 
morphological appearance. This also agrees with the fact that their 
crystallisation behaviour i. e. rate, is similar over the 490°K- 5000K 
temperature range. ksee Fig. 3.2'() 
It is interesting to note that although the fracture appearance of 
P. E. T. containing the two above-mentioned additives isee Plates 3.27 
and. 3.28) is quite similar, it is different to that obtained for any 
of the other specimens. The reason for this rather unusual fracture 
appearance of the boron nitride and talc-filled polymer cannot however 
be explained from the experimental evidence available. The base 
polymer from the second batch appears to have a higher breaking load 
than any of the specimens containing nucleating agents, at 
crystallisatiin temperatures below 495°K. This is probably because 
of its relatively slow rate of crystallisation, compared with the 
nucleated samples, which must produce a tougher more resilient 
material. 4 
Sodium benzoate appears to produce an extremely brittle polymer. over 
the range of crystallisation temperatures investigated. See Fig. 3.32 
This is most probably due to the increased rate of crystallisation 
produced by this additive compared with any of the other samples, 
which in its turn would promote further imperfections 
due to the rapid 
impingement of spherulites. Plate 3.29 shows a fracture surface of 
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a sample containing sodium benzoate and it can be seen that fracture 
in this case is tending to occur along crystallite boundaries as 
opposed to the more random manner of the pure material (see Plate 3.26) 
This indicates that the mode of fracture for the former is probably 
inter-crystalline as opposed to transcrystalline for the latter. 
It is apparent from the preceding observations that an increased 
nucleating effect for this second batch of polymer is synonymous with 
a decrease in its' toughness over the particular range of 
crystallisation temperatures investigated. This is probably due to 
the crystalline imperfection brought about by the increased rate of 
crystallisation, as mentioned earlier. 
Summarising, the results of mechanical testing and the subsequent 
morphology of the fracture specimens of the polymer, it is apparent 
that talc as an additive effectively produces an increase in the 
-breaking load of the first batch of P. E. T. up to a concentration of 
0.55 by weight. Above this concentration the breaking load was 
found to decrease. This behaviour- was considered to be possibly due 
to two opposing mechanisms operating at the same time in the polymer. 
Initially the additive acts as a nucleating agent and produces a 
finer spherulitic structure which increases the strength as explained 
earlier and then above a critical concentration (0.5; x) a second 
mechanism starts to predominate in which the filler behaves in a non- 
reinforcing manner in the composite and produces a decrease. 
Evidence in the form of a, scanning electron micrograph kPlate 21) has 
indicated that talc is. . stronger than the polymer matrix in that 
fracture has proceeded round n. p: ojeetin, * talc ? r]a, telet and therefore 
the ,, rea. lmess induced bfr this agent nest bt' indirect. .A 
posriblc 
reason may be the t th : re ir: non_ contoct between the polymer and the 
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Farticie interface that leads to the production of cavities whioh 
'rovide sites for the nucleation of tic fracture. 
In the case of the seconcl britc' :: )f . r;. `P. the treý; 'in` load iä 
decreased by the ad, ýition of an-; rr of te sub.: tance,; invf , ^. ttr ted. 
The reasons for thi: Oiz°: r-r.. cE in nchr-vi. our a^ cc. 'n are(9 with the 
first batch, are rt cle r ho eves". 
The most obvious ref a. tions'hip bc: tv'rocn Vie strength arý thu fracture 
appearance of the P..:,. T. i, -, t n+ the srectmCn`, whi. eh breaks ^t 
relatively s -all ie d exhi_ -? _t 
Cc. ýti111O1i i linear structure while 
those breaking at high load^ t: on ^ mez°e irre; ^'ular and 
discontinuous frs cture morrholoE, 7. In physical tcr. -is this means that 
the area of the fracture surface is greater in the latter case and. 
consequently the work of frPcture is also inc. reaned. 
4.5. Summary and Conclusions. 
-The work on polypropylene confirmed the resultrs of previous 
workers 
129 in that sodium. benzoq. tce was found to be a nucleating agent 
for this Polymer. This vie considered to be due to it gonsistirr of 
both a solubilizin, g or wettin[- organic portion and an insolubilizing 
metallic portion. It is considered that the former would render the 
agent soluble in the melt while the latter would make it insoluble 
with fall in temperature from the melt. 
Prelimin2ry studies on P. I. ", 'T. demonstrated the importance of the 
heating conditions prior to crystallisation with respect to 
isothermal crystallisation studies. It was found that for the 
optimum removal of indigenous nuclei a teripcrature of 550°K with a 
residence time of 2 minute;, was adopted. It was considered that 
these conditions possibly. represented a balance between the 
destruction of potential nuclei and the creation of degrmdn. tion 
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products, which themselves may act in a nucleating manner. 
An important result of this investigation was seen in the influence 
of the method of mixing on the nucleating efficacy of the various 
additives. It was found that mixing; the polymer and additive in the 
dry powder form produced virtually no nucleating effect for the various 
agents, whereas melt blending in the acenaphthene vapour bath gave 
rise to a nucleating influence for the particular additives examined 
which in this case were all inorganic oxides. This was considered 
to be due to a greater intimacy of mixing between the two 
constituents under conditions of melting. A further method of 
blending the polymer and additives by screw-extrusion produced a 
nucleating effect for all the additives, with the exception of indigo 
in the one case of isothermal crystallisation. The screw-extrusion 
method provided shearing of the polymer blend which presumably 
-increased both the dispersion of the additive and the degree of 
mixing. 
The above results indicate that it is the efficiency of the mixing 
process and not the chemical nature of the additive which is of 
special importance in nucleation. 
Although the trends with respect to additives were as mentioned 
above there was a difference (approximately 100 difference in the 
degree of supercooling, ) in the crystallisation behaviour of the two 
batches of the same polymer (B43 P. E. T. ) This was explained to be 
possibly due to a greater concentration of catalyst residue 
(antimony) being present in the first batch although this proposal 
was not examined further. 
Two additives (sodium benzoate and sodium stearate were found to 
be particularly effective as nucleating agents in the crystallisation 
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of P. E. T. at both high and low temperatures. This was considered to 
be due to the dual nature of these materials as described previously 
in this section for polypropylene. 
The Avrami exponents were found to be in the range 1.8 to 2"'6 which 
may be possibly taken to imply a 2-D plate-like growth by the 
heterogeneous process although it is pointed out that no definite 
conclusions can be drawn from fractional values of n. No 
morphological evidence was found to support this implication however. 
Morphological studies indicated that the structure of the crystalline 
polymer after nucleation by additives was much too fine to be resolved 
on the optical microscope and consequently the technique of tramsmission 
electron microscopy was adopted. To assist in this it was found that 
hydrolysis of the surface of crystallised samples of F. E. T. by pure 
superheated water was an effective method of revealing the microstructure 
of the polymer for subsequent replication and examination under the 
electron microscope. 
The polymer after isothermal crystallisation revealed a structiire 
which was of a nodular appearance similar to the results reported by 
Watkins 25f' 258 who suggested a fibrillar morphology consisting, of 
stacked lamellar crystals for crystallised P. E. T. The size of the 
structural entities was found to be dependent on both the additive 
and the temperature of crystallisation, which indicates that the 
nucleating agents affect the morphology of the crystallised polymer. 
There appeared to be a definite relationship between the 
appearance of the fracture surfaces and the breaking load of the P. E. T. 
specimens in that it was found that a finer more irregular structure 
structure corresponded to . higher breaking load. 
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In conclusion, it is considered that the D. S. C. 1B provides a relatively 
simple and effective technique of following the influence of 
nucleating agents on the crystallisation behaviour of the polymer P. F. T. 
The D. S. C. also enabled the morphological and mechanical properties 
of crystallised samples direct from the B. S. C. to be investigated and 
therefore allowed a direct comparison of the results of the different 
studies to be made as was originally intended in this particular work. 
4.6. Suggestions for further work. 
The thermal crystallisation studies on the polymer would have been 
almost certainly improved by the use of the latest model of D. S. C, 
the D. S. C. 2, since this particular instrument has an increased rate of 
thermal response which would have proved much more effective in the 
use of the instrument in both the isothermal and dynamic modes of 
operation. 
The morphological and mechanical properties of the crystallised 
polymer would be better viewed at low temperatures of crystallisation, 
since it is after crystallisation 8t' these temperatures that P. E. T. 
finds its greatest use in the nucleated form with regard to practical 
applications. These studies would involve an alternative method of 
mechanical testing and consequently greater quantities of polymer for 
the moulding of test pieces. 
A further refinement to the morphological studies would probably 
take the form of an instrument such as an X-ray probe microanalyser 
which could locate the position of the nucleating agents with respect 
to both the etched and fracture structures. This would lead to a 
deeper understanding of the role of the nucleating agent with respect 
to its position relative to the microstructure and also the 
appearance of the fracture morpholopy of the polymer. 
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It is apparent from the study that the two organo-metallic 
substances, sodium and potassium benzoate are the most effective 
nucleating agents with respect to this polymer and it would therefore 
seem reasonable to concentrate on other materials of this class in any 
further investigations. 
Finally, in view of the differences between the two batches of B43 
P. E. T. and the suggestion that it was due to differing concentrations 
of catalyst residue, it would be interesting to test this theory, 
possibly by the use of an X-ray probe microanalyser. 
4 
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Appendix 1. Equilibration of Perkin ]1mer D. S. C. 1B. 
This part of the study was carried out in order to find the time 
to equilibration for the D. S. C. 1 operating in the isothermal mode. 
If we refer to Fie. 2.2, which shows a typical trace produced by 
the D. S. C. during isothermal crystallisation, it can be seen that a 
time is indicated at which the green control light comes on. This 
particular signal means that the D. S. C. is beginning to equilibrate 
with respect to temperature, but not that the pans are necessarily 
at that temperature. The method has been described previously in 
Section 2.5.1. The time to the 'kick' of the recorder pen (see 
same Figure) was found to be dependent on the difference between 
the melt and isothermal crystallisation temperatures. Thus, the 
greater the difference between them, the longer was this time 
interval. However, the time elapsing between the 'kick' of the 
recorder pen to the temperature equilibration of the D. S. C. was 
found to be independent of the stnrtin, -c and finishinr, temperatures 
and the difference between them. This is shown in 't'able A. 
Table A. The Time to Equilibration for the D. S. C. operating with 
different starting and finishin ter peratures in the 
isothermal mode. 
Starting Temp. (°K) Finishing Tema. (°: ) Time from 'kick, to 
qui7 iteration sec 
550 5C3 2O''/ 
563 493 1909 
5B0 493 20.2 
580 4ý', 3 20.4 
The values of time are ßvcr i,, "es, token frort at 1 n^ ^t 5 repeat 
results an'l are ^ubjr-ct to it rx7)Arimerta1 varint;. en of 1 1.0 mc. 
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Therefore, on the onsi 7 oY' th ýe rýýtal t<;, a time of n. prroy m ttoly 
20 sec. was t kin -s t-:: ' tir^(. 1'or equi1ibrnti. on n-ftrr the 'l-. iclr' of. 
the recorder pen and thL; 3 paint wn tr}l-en :, n zero tire for all the 
CY"fit? _117. ý` 
i j', n L ^thcr is. 
Appendix 2. Computer analysis of i! --otnermal cryctalli .a on results. 
A coirputer ýPriv tr` Conimuni. c: '_'tý_on 
Johnson, University of Br23forý) w;. s u: -r: ' to anr, lfs- 111 the rer-ults 
of i. °other_, ia1 crystal1isatior nro(uced by the on the ! - 
crew-extrude. B. Az P. '. T. 'grim-ort of t}ic 1 ro7rrrn io enclo:. eä in the 
envelope at the back of this thpý-is. 
Anpenrlix 3. `r: -ray lliý'fract. ion of nv. ena}7cd cn(7. I, ^ot'. j 3z'rn ý11ý* ci-nrtallised 
crrstalIiFýecl Y. '. T. 
As described previously in Scctir, n 2. ). 2. the technique of X-ray 
diffraction was used in the study in order to ancertain whether the 
quenching of the molten P. -'. T. into liquid nitrogen pro: luced an 
amorphous pol; er. The res'i1t", for the gtuaj,.,, r are eholvn beloýv. 
Plate 1 shows the X-ray c iffr? ction rattern prod. »cod by -. sonple of 
P. E. T. sheet Pfter quenciin" dirrctly fror a temperature of 550°K 
(i. e. above the Melting point of the polymer) into liquicl nitrogen. 
The pattern shows a diffuse halo which implies an essentially 
amorphous polymer. For n1rpnses of corpart'aon Plate 2 shown the 
sharper ring pattern, typical of a cry; týill. ine polymer produced by a 
sample of P. i.;. T. after isothermal crystal Iin`+. tion at a temperature of 
493°K. 
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Once lt h<": a b' n e't? U11-- t". 'it t`'. tirr. 'Lr7U: Of' -1II"'('iin" 
ro 1uc ,7 , -l_i p _, 'nti-i! Iv ; lM''r^'1 'i^ DC]: rr . i', ll , _r7^, " .} il 
li, ;aC 
Plate I. 
Pla to 2 
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